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RESUMEN 
Los tratamientos anticancerígenos que existen actualmente en el mercado se 
caracterizan por su elevada toxicidad debido a su escasa especificidad ya que afectan tanto a 
células tumorales como a células sanas. Por ello, la investigación en este campo se centra en 
el descubrimiento de nuevos fármacos que acaben selectivamente con las células 
cancerígenas. En este sentido, el succinato del α-tocoferol (α-TOS) es un mitocan (del 
inglés, mitochondrial targeted anticancer drugs) que ha demostrado inducir selectivamente 
la apoptosis vía mitocondrial de células tumorales sin afectar a células no patológicas. Esto 
le posiciona como un destacado candidato para el desarrollo de nuevos fármacos 
poliméricos que mejoren su solubilidad en medio fisiológico, facilitando su administración. 
Por eso, el principal objetivo de esta tesis doctoral  ha sido el diseño, caracterización 
fisicoquímica y evaluación de la actividad biológica de diversos vehículos poliméricos 
nanoestructurados portadores del fármaco anticancerígeno α-TOS con el fin de lograr un 
tratamiento más eficaz, selectivo y menos tóxico contra el cáncer. 
Para alcanzar este objetivo, en primer lugar se copolimerizaron con éxito derivados 
metacrílicos del α-TOS (MTOS), de la vitamina E (MVE) y del dihidrofitol (SPHY y 
MPHY) con la N-vinil-pirrolidona  (VP) por polimerización radical convencional. Estos 
copolímeros fueron capaces de autoensamblarse en medio acuoso, debido a su naturaleza 
anfifílica y la mayor reactividad de los derivados metacrílicos frente a la VP. Las 
nanopartículas (NPs) obtenidas a partir de los copolímeros poli(VP-co-MVE) y poli(VP-co-
MTOS) resultaron bioactivas, con una actividad intrínseca anticancerígena y 
antiangiogénica dependiente del  contenido en monómero hidrofóbico (MVE y MTOS) y 
altamente selectiva, afectando en menor medida a células no patológicas y quiescentes. 
Además, la actividad antitumoral de estas NPs resultó estrechamente dependiente de la línea 
celular ensayada, siendo menos activas frente a células de carcinoma de hipofaringe FaDu. 
Por ello, las NPs basadas en los copolímeros poli(VP-co-MTOS) se emplearon eficazmente 
para la encapsulación de α-TOS en su núcleo hidrofóbico, mejorando su actividad 
anticancerígena per se frente a células FaDu. Además, se profundizó en el mecanismo de 
acción de las partículas vacías y cargadas, demostrando que producían la muerte celular por 




En segundo lugar, se preparó con éxito una segunda generación de NPs poliméricas 
mediante la polimerización radical controlada vía RAFT (del inglés, reversible addition-
fragmentation chain transfer polymerization) del MTOS con polietilenglicol (PEG) de 
diferente peso molecular. Esto facilitó  la obtención de NPs esféricas con control exhaustivo 
de su arquitectura macromolecular y una corona externa de PEG que les confería una alta 
estabilidad. El núcleo hidrofóbico de las NPs sirvió para encapsular eficazmente α-TOS y 
cumarina-6 cuya fluorescencia fue usada para confirmar la endocitosis de las NPs dentro de 
células tumorales de mama. Asimismo, los ensayos biológicos realizados pusieron de 
manifiesto que la actividad anticancerígena de estas NPs dependía del contenido en 
monómero activo (MTOS) así como de la longitud del bloque hidrofílico de PEG y de su 
peso molecular. Adicionalmente, la copolimerización del 2-hidroxietil metacrilato (HEMA) 
con el MTOS vía RAFT permitió sintetizar con éxito terpolímeros PEG-b-[poli(MTOS-co-
HEMA)] donde las unidades de HEMA se distribuyeron al azar en el bloque hidrofóbico de 
MTOS. La incorporación del HEMA y la carga de α-TOS en el núcleo hidrofóbico de las 
NPs permitió una mejora sustancial de su actividad anticancerígena; debido probablemente 
a que las unidades de HEMA reducen la hidrofobicidad del núcleo de MTOS, mejorando la 
difusión de agua en su interior así como la liberación de la carga. 
Finalmente, los copolímeros de bloque PEG-b-poliMTOS más activos se emplearon 
satisfactoriamente para la conjugación y encapsulación de la sonda fluorescente IR-780,  
aumentando la citotoxicidad in vitro del nanomaterial y dotándolo además de propiedades 
ópticas. Los resultados obtenidos tras la irradiación de las NPs confirmaron su capacidad 
fototérmica en disolución, alcanzando temperaturas efectivas para la hipertermia en el caso 
de los nanovehículos con más sonda encapsulada en su núcleo hidrofóbico. Por último, se 
comprobó que las partículas fluorescentes presentaban una fototoxicidad in vitro. Este 
comportamiento es probablemente debido a la existencia de un efecto fotodinámico 
dependiente exclusivamente de la presencia de la sonda IR-780, sin que se produzca una 
modificación permanente de la estructura polimérica de las partículas y que requiere de la 
irradiación NIR en un contexto donde el nanomaterial haya entrado en contacto previamente 
con las células. 
 
                                                                                                                                           Summary 
                                                                                                                                                   XV                                                                         
SUMMARY 
Actual cancer treatments are characterized by their high toxicity and low selectivity, 
affecting both tumor and nonmalignant cells. Therefore, the investigations in this field are 
focused on the development of new drugs that selectively target and kill cancer cells. In this 
sense, α-tocopherol succinate (α-TOS) is a mitocan (mitochondrial targeted anti-cancer 
drugs) that selectively induces apoptosis via complex II in the mitochondria of tumor cells, 
with little or no harm to nonmalignant cells. For that reason, this drug is an excellent 
candidate for the development of new polymeric drugs that improve its solubility in 
physiological media and facilitate its administration. Therefore, the main objective of this 
thesis has been the synthesis, physico-chemical characterization and biological evaluation 
of different polymeric nanovehicles based on α-TOS in order to achieve a more efficient, 
selective and less toxic anticancer treatment.  
Firstly, methacrylic derivatives of vitamin E (MVE), α-TOS (MTOS) and 
dihydrophytol (SPHY and MPHY) were successfully copolymerized with N-
vinylpyrrolidone (VP) by free radical polymerization. These copolymers were able to self-
assemble in aqueous medium, due to their amphiphilic nature and the higher reactivity of 
methacrylic derivatives against VP. Self-assembled nanoparticles (NPs) obtained from 
poly(VP-co-MVE) and poly(VP-co-MTOS) were bioactive and presented anticancer and 
antiangiogenic activities as a function of the hydrophobic monomer content (MVE and 
MTOS) and high selectivity, with little or no harm to nonpathological and quiescent cells. 
Furthermore, the antitumor activity of these NPs was found to depend on the tested tumor 
cell lines, being less active against hypopharynx carcinoma FaDu cells than breast 
adenocarcinoma MCF7 cells. Therefore, NPs based on poly(VP-co-MTOS) copolymers 
were effectively used for the encapsulation of α-TOS in their hydrophobic core, improving 
their anticancer activity against FaDu cells. Furthermore, the mechanism of action of 
unloaded and α-TOS-loaded NPs was exhaustively studied, demonstrating that these 
nanoassemblies induce apoptosis by activating the mitochondria death pathway (via 
complex II of the electron transport chain). 
Secondly, a second generation of NPs was successfully synthesized by radical 
controlled polymerization via RAFT (Reversible Addition-Fragmentation chain Transfer 
Polymerization) of MTOS with polyethylene glycol (PEG) of different molecular weight. 
Summary 
XVI 
This methodology enabled to obtain spherical NPs with a precise control over their 
macromolecular architecture and core-shell morphology based on PEG hydrophilic shell 
that stabilized them. The hydrophobic core of these NPs was able to efficiently encapsulate 
α-TOS and coumarin-6 (c6). In fact, c6 was used as a fluorescent probe to trace the 
endocytosis of NPs within cancer cells. Moreover, the biological activity of the synthesized 
NPs was found to depend on the active monomer content (MTOS), the length of the 
hydrophilic block of PEG and its molecular weight. Additionally, 2-hydroxyethyl 
methacrylate (HEMA) was successfully copolymerized with MTOS via RAFT, obtaining 
PEG-b-[poly (HEMA-co-MTOS)] where HEMA monomeric units were randomly 
incorporated into the MTOS based hydrophobic block. The incorporation of HEMA and the 
load of additional α-TOS in the hydrophobic core of the NPs allowed to dramatically 
improve the anticancer activity of α-TOS-bearing NPs, probably by improving the water 
accessibility to the MTOS residues and favoring the hydrolysis and the release of the 
anticancer compound. 
Finally, IR-780 fluorescent dye was successfully conjugated and encapsulated to 
most active PEG-b-polyMTOS block copolymers, obtaining NPs with improved in vitro 
cytotoxicity and interesting optical properties. NIR irradiation of NPs demonstrated their 
photothermal activity in solution, reaching effective temperatures for hyperthermia in the 
case of IR-780 loaded NPs. Finally, biological studies demonstrated that IR-780-bearing 
NPs presented in vitro phototoxicity, probably due to the appearance of a photodynamic 
effect where the NIR-dye behaves as a photosensitizer. This phototoxicity depends on the 
presence of intact IR-780 dye, discarding that NIR energy would produce a permanent 
change in the polymer structure, in a context where nanomaterial has previously been in 
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(C) Cánceres más comunes a nivel mundial (2012)
Otros Cáncer de pulmón
Cáncer de mama Cáncer de colon
Cáncer de próstata Cáncer de estómago
Cáncer de hígado Cáncer de cuello uterino
(A) División célula normal




Proliferación celular incontrolada 
1.1. La problemática del cáncer 
El término cáncer abarca un conjunto numeroso de enfermedades caracterizadas por 
el crecimiento de células anormales que proliferan y se propagan sin control por el 
organismo debido a su capacidad para invadir otros tejidos, penetrar en los vasos 
sanguíneos y linfáticos así como por su resistencia a la muerte celular (figura 1A-B). Hasta 
el momento se han identificado más de 100 tipos diferentes de cáncer que, por lo general, 















Figura 1: Diferencias en la proliferación de (A) células normales y (B) células cancerígenas. (C) 
Tipos de cáncer más comunes a nivel mundial en 2012. Fuente: GLOBOCAN 2012.  
Los procesos cancerígenos se originan principalmente por cambios genéticos que 
afectan a proto-oncogenes, genes supresores de tumores y genes reparadores del ADN
4
. Las 
proteínas codificadas por estos genes regulan los procesos de proliferación, diferenciación y 
muerte celular, además de la reparación del ADN
5-7
. En este sentido, el avance en la 
investigación de mutaciones en los genes implicados en los procesos oncogénicos ha sido 
un paso fundamental en el estudio del cáncer. Sin embargo, muchas de las propiedades 
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adquiridas por las células tumorales no han podido explicarse en base únicamente a este 
tipo de mutaciones sino que hay otros muchos factores que juegan un papel fundamental en 
la progresión de esta enfermedad
8
. 
Actualmente, el cáncer es la segunda causa de muerte a nivel mundial, por detrás de 
las enfermedades cardiovasculares. Según los datos de la Agencia Internacional de 
Investigación sobre el cáncer (IARC, del inglés International Agency for Research on 
Cancer),  más de 14 millones de nuevos casos de cáncer se diagnosticaron en el año 2012 
con un total de más de 8 millones de muertes a nivel mundial. En particular, los cánceres de 
pulmón, mama y colón presentan las mayores tasas de incidencia en la población (figura 
1C). Además, debido al crecimiento y envejecimiento de la población mundial, se estiman 
casi 22 millones de nuevos casos de cáncer en el año 2030
9
. Estas cifras revelan la 
importancia de esta enfermedad en nuestra sociedad así como la poca eficacia de los 
tratamientos actuales para combatirla.  
La cirugía y radioterapia son dos de los tratamientos más habituales para tumores 
locales y no metastásicos. Sin embargo, estos tratamientos son realmente insuficientes 
cuando el cáncer ha metastatizado otros órganos. En estos casos, el uso de fármacos 
citotóxicos y antineoplásicos a través del torrente sanguíneo se hace fundamental en lo que 
se conoce como quimioterapia. En concreto, los quimioterápicos ejercen su acción 
inhibiendo el crecimiento descontrolado de las células cancerígenas
10
. El primer 
quimioterápico aprobado por la Agencia Reguladora del Medicamento (FDA, del inglés 
Food and Drug Administration) fue la mostaza nitrogenada (mecloretamina) que, tras su 
uso con fines militares en la Primera Guerra Mundial, se descubrió que disminuía los 
niveles de glóbulos blancos en los militares que estuvieron expuestos a este tipo de 
sustancia
11
. Desde ese momento hasta la actualidad, el desarrollo de fármacos citostáticos 
ha sido realmente espectacular con un gran número de posibilidades diferentes cuya 







 o paclitaxel (PTX)
15
 son 
sólo algunos de los ejemplos más representativos de fármacos antineoplásicos utilizados 
hoy en día.  
A pesar del gran avance en los tratamientos anticancerígenos que existen actualmente 
en el mercado, todos ellos se caracterizan por su elevada toxicidad afectando tanto a células 
tumorales como a células sanas, especialmente si se encuentran en división activa. Esto 
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conduce al debilitamiento del sistema inmune del paciente que habitualmente sufre 
importantes efectos secundarios. Además, la mayoría de los fármacos quimioterapéuticos 
no alcanzan el sitio de acción donde son requeridos en dosis eficaces, limitando 
significativamente el éxito del tratamiento. Por estas razones, la investigación en este 
campo se centra en el descubrimiento de nuevos medicamentos y tratamientos que ataquen 
selectivamente a las células cancerígenas sin afectar a las células sanas. En este contexto, a 
finales de la década de los 90 surgieron las terapias dirigidas que están diseñadas para 
bloquear de forma específica dianas moleculares que se encuentran sobre-expresadas en 
células cancerígenas favoreciendo su crecimiento incontrolado. De hecho, de los 19 nuevos 
fármacos anticancerígenos aprobados por la FDA entre 2012 y 2014, 18 de ellos se basan en 
terapias dirigidas
5
. El primer ejemplo de este tipo de tratamientos es el Rituximab que fue el 
primer anticuerpo monoclonal aprobado por la FDA en 1997 para el tratamiento de 
linfomas
16
. Posteriormente, se han desarrollado muchos otros tratamientos basados en 
anticuerpos monoclonales (Trastuzumab, Pertuzumab, Cetuximab, etc.)
17
, inhibidores de la 
tirosina quinasa (Erlotinib, Gefitinib, Imanitib, etc.)
18
, inhibidores de la formación de vasos 
sanguíneos (Bevacizumab), agentes inmunomoduladores (Mifamurtida, Ipilimumab) y 
nuevas terapias hormonales (Abiraterona o Enzalutamida). A pesar del gran avance que se 
ha llevado a cabo en los últimos años en estas terapias dirigidas, todavía queda mucho 
camino por recorrer para  dominar la biología de la células tumorales con el objetivo de 
encontrar dianas terapéuticas más eficaces que eviten además las resistencias habituales que 
generan este tipo de tratamientos
19
.  
1.2. La mitocondria como diana terapéutica 
Las mitocondrias son orgánulos extremadamente dinámicos que están presentes en la 
mayoría de las células eucarióticas. Se consideran el centro neurálgico de las células y 
sirven como la principal fuente de energía, sintetizando adenosín trifosfato (ATP, del inglés 
adenosine triphosphate) a expensas de glucosa, ácidos grasos y aminoácidos por medio de 
la fosforilación oxidativa
20
. Estructuralmente, la mitocondria consta de dos membranas que 
delimitan el espacio intermembrana y la matriz mitocondrial. Los canales aniónicos 
dependientes del voltaje están presentes en la membrana externa y se encargan de regular la 
entrada de metabolitos dentro de la mitocondria. Por el contrario, la membrana interna está 
formada por un gran número de pliegues denominados crestas y en ella se ubican las 
proteínas que llevan a cabo las reacciones de oxidación de la cadena respiratoria, el 
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complejo enzimático ATPasa que sintetiza el ATP así como otras proteínas específicas que 
regulan el paso de metabolitos a la matriz. Finalmente, la matriz mitocondrial alberga los 
ribosomas y las moléculas del ADN y ARN mitocondrial, siendo los únicos orgánulos que 
tienen su propio material genético. Además, en la matriz de las mitocondrias se encuentran 
las enzimas responsables de importantes rutas metabólicas como el ciclo de Krebs
21, 22
.  
Además de servir como fuente de energía primaria para las células, las mitocondrias 
están implicadas en la transducción de señales mediadas por calcio y especies reactivas al 
oxígeno (ROS, del inglés reactive oxygen species) y juegan un papel clave en la 
supervivencia y muerte celular
23, 24
. Todas estas características han convertido a las 
mitocondrias en un pilar fundamental para el correcto funcionamiento de la maquinaria 
celular de nuestro organismo y la desregulación de cualquiera de los procesos que en ella 
tienen lugar juega un papel fundamental en enfermedades como la diabetes, la obesidad, el 
Alzheimer y también el cáncer
25
.   
1.2.1. Efecto Warburg 
Los primeros estudios sobre la alteración mitocondrial en las células cancerígenas 
fueron llevados a cabo por el científico alemán Otto Warburg a comienzos del siglo XX
26
, 
descubriendo que la velocidad de glucólisis de las células tumorales era superior a la 
normal, probablemente debido al deterioro de la capacidad respiratoria de este tipo de 
células. Por este hallazgo, Otto Warburg recibió el Premio Nobel de Medicina en 1931 
27, 28
. 
En células normales, el 90% de la energía en forma de ATP proviene de la fosforilación 
oxidativa que tiene lugar en las mitocondrias. Por el contrario, las células tumorales 
obtienen esa energía a través de la glucólisis que tiene lugar previamente en el citosol de las 
células
29
. Este mecanismo de supervivencia de las células cancerígenas se conoce como 
efecto Warburg y es considerado como un mecanismo de respuesta de estas  células a un 
ambiente de hipoxia que les permite continuar proliferando indiscriminadamente gracias a 
un metabolismo altamente glucolítico (figura 2)
30
. 
El descubrimiento del efecto Warburg puso de manifiesto la existencia de otras 
muchas diferencias en la estructura, composición y función de las células tumorales
31
. Éstas 
son menos numerosas, más pequeñas y con menor número de crestas. Además, la 
composición proteica y lipídica de la membrana interna también es diferente y se han 
demostrado  diferencias en el potencial de membrana, la velocidad en el transporte de 
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electrones y aniones, la síntesis de proteínas y la producción de ROS
32
. Finalmente, 
importantes mutaciones y alteraciones en el ADN mitocondrial han sido detectadas en 
varios tipos de cáncer
33-35
.  Por lo tanto, la mitocondria tiene un papel clave en la mayoría 
de las características distintivas del fenotipo de una célula tumoral que fueron descritas por 
D. Hanahan y R. Weinberg en 2011
36
. Estas señales de identidad fueron: potencial de 
replicación ilimitado, angiogénesis, evasión de la apoptosis, autosuficiencia de señales de 
crecimiento, insensibilidad a señales antiproliferativas  así como una capacidad de invasión 









Figura 2: Efecto Warburg. Diferencias en el fenotipo metabólico de células normales (A) y 
tumorales (B).    
A pesar de que estas disfunciones mitocondriales son habitualmente un patrón común 
en el desarrollo de la enfermedad del cáncer, es importante recalcar que tanto los cambios 
morfológicos como funcionales observados en las mitocondrias de las células cancerígenas 
dependen de un gran número de factores como son el tipo de cáncer, el tejido donde se 
forma originalmente, el estadio de la enfermedad y muchos otros. En este contexto, Cuezva 
et al. evaluaron el distinto grado de disfunción mitocondrial en numerosos tipos de líneas 
cancerígenas en un estudio denominado la huella bioenergética del cáncer. Para ello, estos 
autores utilizaron el Índice Bioenergético Celular (BEC) que relaciona el nivel de expresión 
de marcadores mitocondriales que regulan la biosíntesis de proteínas mitocondriales y que 
 Capítulo I: Introducción 
 
8 | Página  
controlan el metabolismo glucolítico de las células tumorales
37, 38
. Este índice fue calculado 
para 60 líneas celulares humanas derivadas de 9 tipos de tumores diferentes (mama,  
sistema nervioso central, colon, células de la sangre, pulmón, melanoma, ovario, próstata y 
riñón) que definieron el panel NCI-60 del Instituto Nacional del Cáncer a mediados de los 
años ochenta
39
. Los resultados de este estudio permitieron conocer que algunas de las líneas 
celulares analizadas presentaban niveles de disfunción mitocondrial especialmente 
llamativos como distintas células derivadas de cáncer de mama, colón o pulmón. Además, 
estos estudios han sido una herramienta de vital importancia para el desarrollo de nuevos 
fármacos y terapias contra el cáncer
40
.  
1.2.2. La mitocondria como regulador de la muerte celular  
Las mitocondrias tienen un papel crucial en la correcta ejecución de la muerte celular 
programada o apoptosis
41, 42
. A diferencia de la necrosis que es un tipo de muerte celular 
incontrolada que supone la ruptura de la membrana celular y conlleva una respuesta 
inflamatoria, la apoptosis es la respuesta a diferentes estímulos: fisiológicos, que activan los 
receptores de la muerte en la vía extrínseca o bien, como respuesta al estrés, que involucran 




La vía extrínseca se caracteriza por la participación de receptores de muerte como 
son la proteína Fas y el factor de necrosis tumoral (TNF, del inglés tumor necrosis factor)
44
. 
Estos receptores de muerte se unen específicamente a ligandos de muerte extrínsecos que 
provocan la oligomerización y cambios conformacionales en los receptores así como la 
formación del complejo de señalización de muerte (DISC, del inglés death inducing 
signalling complex), gracias a la activación de la caspasa 8
45
.  Por el contrario, las 
mitocondrias regulan la vía intrínseca de apoptosis como respuesta al estrés celular. Esto 
conlleva la liberación de citocromo c al citosol de las células mediante la activación de 
proteínas pro-apoptóticas tales como Bax, Bak o miméticas BH3 que regulan 
específicamente la permeabilidad de la membrana mitocondrial externa. Además, estas 
proteínas se encargan de confiscar y bloquear la participación de proteínas anti-apoptóticas 
Bcl-2 y se unen creando un estructura porosa que permeabiliza la membrana mitocondrial 
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Figura 3: Representación esquemática de las posibles vías de la muerte celular programada o 
apoptosis: extrínseca (mediada por receptores de muerte) e intrínseca (mediada por la mitocondria en 
respuesta al estrés celular).  
En células normales, las mitocondrias pueden ejercer su función en la regulación de 
la apoptosis desencadenando la muerte celular en respuesta a diferentes estímulos. Por el 
contrario, las células cancerígenas desarrollan numerosas estrategias para la evasión de la 
apoptosis lo que les permite proliferar indiscriminadamente
47
. Además, en las células 
tumorales con un metabolismo altamente glucolítico, la fosforilación oxidativa no funciona 
correctamente al igual que el transporte de electrones en la cadena respiratoria. Esto 
produce la generación de altas concentraciones de ROS, principalmente en los complejos I, 
II y III de esta cadena de transporte de electrones. La menor concentración de enzimas 
antioxidantes en las células tumorales (en comparación con las células no tumorales) 
conduce a la acumulación de estas especias reactivas, con consecuencias nefastas en la 
progresión de la proliferación celular y carcinogénesis, produciendo inestabilidad y 
mutaciones en el ADN mitocondrial o daño en distintos componentes celulares 
48
. 
1.3. MITOCANES. Succinato de la vitamina E (α-TOS) 
Las diferencias metabólicas, morfológicas y funcionales encontradas en las 
mitocondrias de células normales y tumorales han convertido a estos orgánulos celulares en 
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un diana terapéutica ideal para el desarrollo de tratamientos más eficaces y selectivos contra 
el cáncer
41, 49, 50
.  Por ello, la investigación en este campo se centra cada vez más en atacar 
estas diferencias desarrollando nuevos fármacos que se conocen como mitocanes (del 
inglés, mitochondrial targeted anticancer drugs). Neuzil et al. han clasificado estos 
fármacos en 8 clases diferentes en función de su sitio de acción (tabla 1)
51, 52
.  
Tabla 1: Clasificación de las diferentes clases de mitocanes, incluyendo su sitio de acción en la 
mitocondria de células tumorales así como ejemplos de los fármacos más representativos en cada uno 
de los casos. 















55, 56, 57 
3 
Inhibidores redox 
Control estrés oxidativo 
Generación ROS 
Isotiocianatos, As2O3 58, 59 
4 
Acción vía canal 


















Potencial de membrana 




Ciclo de Krebs 
Regulación metabolismo energético  
Respiración celular 
3BP, Dicloroacetato 67, 68 
8 
ADN mitocondrial 
Función, estabilidad y mutaciones 
ADN mitocondrial 
Vitamina K3, fialuridina 69, 70, 71 
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Resistencia a la muerte celular:
proliferación incontrolada 
α-TOS
Dominio funcional Dominio hidrofóbico
Dominio de señalización(A)
(B)
Uno de los mitocanes más prometedores para el desarrollo de nuevas terapias contra 
el cáncer es el succinato de la vitamina E o α-tocoferol (α-TOS). Se trata de un mitocan  que 
induce selectivamente la muerte celular programada o apoptosis de células tumorales 
(anticancerígeno)
72





. Estructuralmente, el α-TOS es un derivado éster de la vitamina E, 
disponible comercialmente y en el que Neuzil et al. diferencian 3 dominios a nivel 
molecular: el dominio de funcionalización (grupo succinato), el dominio de señalización 
(grupo cromanol) y el dominio hidrofóbico (cadena alifática lateral). En particular, estos 
autores establecen que el dominio funcional es el principal responsable de su actividad  
mientras que el dominio hidrofóbico tiene un papel esencial como mediador en el 













Figura 4: (A) Estructura y diferentes dominios del α-TOS. (B) Mecanismo de acción del α-TOS, 
actuando como un mitocan clase 2 y clase 5. (Modificada de Mitochondria and Cancer 2009, 211
79
) 
El α-TOS actúa, como un mitocan clase 2, en la cadena de transporte de electrones 
que se ubica en la membrana interna de las mitocondrias
80
. En particular, este fármaco 
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inhibe la actividad succinato deshidrogenasa del complejo II de la cadena respiratoria 
desplazando a la ubiquinona en las células cancerígenas
81, 82
. Como consecuencia, los 
electrones generados por la acción de este completo se recombinan con el oxígeno 
molecular produciendo altas concentraciones de ROS (especies superóxido, SOD). Estas 
especies reactivas generan un alto nivel de estrés celular que activa la familia de proteínas 
pro-apoptóticas Bax. Como resultado de esta activación, las proteínas Bax son capaces de 
dimerizarse y sufren cambios conformacionales que conducen a la formación de canales 
multiméricos en la membrana mitocondrial externa. Adicionalmente, los altos niveles de 
ROS producidos oxidan eficazmente el complejo de la cardiolipina (CL), liberándose el 
citocromo c que puede alcanzar fácilmente el citosol de las células a través del canal 
formado previamente en la membrana externa. Una vez que el citocromo c llega al citosol 
de las células tumorales se desencadena la cascada de eventos de la vía intrínseca de la 
apoptosis que comienza con la activación de la caspasa 9 y que finalmente termina con la 
muerte celular (figura 4B)
83, 84
.  
La actividad antitumoral del α-TOS no podría explicarse en base únicamente a este 
mecanismo de acción. Para que su actividad sea posible, es necesario que este fármaco 
anule la actividad de las proteínas anti-apoptóticas Bcl-2 que están presentes en las células 
tumorales. En este sentido, el α-TOS actúa como un mitocan clase 5, bloqueando la acción 




Una de las principales ventajas del uso del α-TOS es que su actividad contra las 
células tumorales o en proliferación es altamente selectiva, afectando en mucha menor 
medida a las células normales. Las razones de la selectividad en el mecanismo de acción de 
este fármaco no son del todo bien conocidas y hoy en día se continúa investigando en este 
sentido. Una de las principales teorías alude nuevamente a las diferencias existentes entre 
células cancerígenas y sanas, básicamente a los mecanismos de defensa que disponen unas y 
otras frente a situaciones de estrés celular. En concreto, las células normales son capaces de 
reaccionar ante la acumulación de ROS debido a la presencia de altas concentraciones de 
enzimas antioxidantes, como la MnSOD (del inglés, manganese superoxide dismutase) 
entre otras, que evitan su acumulación mediante su descomposición en agua oxigenada y 
oxígeno. En el caso de las células tumorales, los niveles de estas enzimas antioxidantes son 
muy inferiores por lo que las especies reactivas pueden acumularse fácilmente
73
. Además, 
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las células normales tienen altos niveles de enzimas hidrolíticas (esterasas) que pueden 
promover la pérdida de la actividad funcional del α-TOS por hidrólisis del enlace éster del 
grupo succinato. Esta hidrólisis está mucho más desfavorecida en células tumorales que 
presentan bajos niveles de esteras permitiendo la acción antitumoral del fármaco
48
. Otra de 
las diferencias más interesantes entre el tejido tumoral y sano es el pH de forma que se ha 
demostrado que está ligeramente acidificado (valores de pH entre 6,0 y 6,5) en una gran 
variedad de tumores sólidos. Esto puede favorecer la actividad anticancerígena del α-TOS 











Figura 5: (A) Inducción de la apoptosis en células de neuroblastoma en función de la concentración 
de α-TOS y el tiempo de tratamiento (modificada de Journal of Neurochemistry, 2005, 94:1448 
86
). 
(B) Inhibición del crecimiento del tumor en un ratones inmunodeprimidos inoculados con células de 
cáncer de mama MCF-7. α-TOS administrado vía intraperitoneal, solubilizado en una mezcla de 
aceite de maíz con un 4% de etanol (modificada de Oncogene, 2008, 27: 4324 
81
). 
La actividad apoptótica in vitro del α-TOS ha sido demostrada en más de 50 líneas 
celulares diferentes, incluyendo células de tumores especialmente agresivos o de mal 
pronóstico con los actuales tratamientos (mama, colón, pulmón, estomago, ovarios, 
próstata, neuroblastoma…) (figura 5A)
87, 88
. El efecto anticancerígeno de este fármaco 
depende de un gran número de factores como las características de las células, el tiempo y 
condiciones de incubación…
89, 90
  Adicionalmente, el α-TOS ha sido probado en diferentes 
modelos in vivo en los que habitualmente es solubilizado en disolventes orgánicos como el 
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dimetilsulfóxido (DMSO)
91-93
 o en emulsiones utilizando aceite de maíz o de sésamo
84, 94-96
 
debido a su alto carácter hidrofóbico (figura 5B). De esta forma, se ha demostrado que el α-
TOS fue capaz de actuar eficazmente en modelos in vivo de cáncer de mama, colon, 
estómago y melanoma después de su inyección intraperitoneal en dosis adecuadas.  
No obstante, la administración del α-TOS para su uso clínico es uno de los 
principales obstáculos para el avance en el desarrollo de terapias basadas en su mecanismo 
de acción selectivo. La solubilización en medios orgánicos o emulsiones no es la mejor 
alternativa para su inyección en el torrente sanguíneo, produciendo efectos negativos en 
algunos ratones inoculados como reacciones inflamatorias o procesos de embolización
97, 98
. 
Además, la naturaleza hidrofóbica del α-TOS disminuye su acción terapéutica con unos 
perfiles farmacocinéticos en plasma no apropiados. Por estas razones, queda mucho camino 
por recorrer con el fin de encontrar estrategias distintas y eficaces que permitan mejorar la 
administración de este medicamento.  
1.4. La importancia de la nanomedicina 
En la última década, la aplicación de la nanotecnología en el campo de la medicina 
ha emergido como un área de gran interés para la mejora del tratamiento del cáncer y otras 
enfermedades. Cuando la materia se encuentra confinada en dimensiones en el rango de los 
nanómetros aparecen nuevas y relevantes propiedades físico-químicas que no se observan a 
nivel macroscópico
99
. En concreto, la liberación controlada de fármacos es una de las 
aplicaciones más relevantes y con mayor proyección de la nanomedicina. La mayoría de los 
sistemas convencionales para la administración de fármacos están enormemente limitados 
por la solubilidad y toxicidad de los principios activos
100
. Así pues, el uso de vehículos de 
dimensiones nanométricas surge como una vía apropiada para la dosificación continua y 




En concreto, el uso de la nanomedicina para la administración de fármacos 
anticancerígenos tiene numerosas ventajas, entre las que destacan la disminución de la 
toxicidad y la mejora de la eficacia y especificidad de los fármacos utilizados, 
protegiéndolos a su vez de la degradación o excreción y mejorando los perfiles 
farmacocinéticos tras su administración
103
. Adicionalmente, otra de las principales ventajas 
del uso de nanovehículos es su capacidad para acumularse preferentemente en los tejidos 
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tumorales debido al Efecto de Permeación y Retención Aumentada (EPR) en lo que se 
conoce como vectorización pasiva 
104
. Este fenómeno es consecuencia de la combinación de 
dos factores, la mayor permeabilidad de los vasos sanguíneos tumorales (permitiendo la 
extravasación del nanofármaco), y la falta de drenaje linfático en el tejido tumoral que 
provoca, consecuentemente, la retención de las macromoléculas (figura 6). La 
vectorización pasiva debido al efecto EPR depende de la concentración en plasma de las 











Figura 6: Vectorización pasiva debido al Efecto de Permeación y Retención Aumentada (efecto 
EPR). (Modificada de Angewandte Chemie International Edition, 2014, 53:12320 107). 
En ocasiones, la vectorización pasiva no resulta lo suficientemente eficaz, 
especialmente para tumores que presentan un ambiente hipóxico con una baja 
vascularización y permeabilidad. Para estos casos, se pueden diseñar nanofármacos con 
vectorización activa 
5
 mediante la incorporación de ligandos que reconocen diferentes tipos 
de receptores que se encuentran sobre-expresados en las células tumorales como el receptor 
del factor de crecimiento endotelial vascular (VEGFR, del inglés vascular endotelial 
growth factor receptor)
108
, los receptores de transferrina
109
 o los receptores tirosina quinasa. 
Adicionalmente, los ligando utilizados pueden ser de muy diferentes naturaleza, destacando 
el uso de anticuerpos monoclonales
110
, moléculas pequeñas como el ácido fólico
111
, 
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1.4.1. Tipos de nanovehículos  
Actualmente, el tipo de nanovehículos disponibles es muy amplio, tal y como se 
ilustra en la figura 7. En su aplicación en la terapia contra el cáncer, destaca el gran avance 
en la investigación de nuevos y más sofisticados nanovehículos lipídicos, principalmente 
liposomas, conjugados poliméricos y nanovehículos basados en polímeros terapéuticos 
anfifílicos que pueden forman micelas o nanopartículas (NPs) poliméricas
103
. A 
continuación, se describen en líneas generales cada uno de estos tipos de nanovehículos, 
incluyendo ejemplos de los sistemas más representativos que actualmente se comercializan 











Figura 7: Tipos de nanovehículos utilizados para la liberación de fármacos y el desarrollo de 
tratamientos contra el cáncer. (Modificada de Journal of Controlled Release, 2015, 200:138 
103
). 
 Nanovehículos lipídicos: liposomas 
Los liposomas pueden definirse como vesículas esféricas formadas por bicapas 
lipídicas dispuestas concéntricamente y compuestas por distintos tipos de fosfolípidos como 
la lecitina o la fosfatidilcolina (PC, del inglés phosphatidylcholine), entre otros
115, 116
. De 
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esta forma, los liposomas pueden contener uno o más compartimentos acuosos en función 
de la metodología seguida para su preparación. Existen diferentes tecnologías para su 
obtención pero todas ellas se basan en la preparación de una suspensión de fosfolípidos en 
un medio hidrofóbico que se sustituye lentamente por una solución acuosa mediante 
procesos de dilución, evaporación o diálisis. Este cambio de disolvente provoca que los 












Figura 8: Representación esquemática de la estructura de los liposomas pegilados MBP-426, 
modificados con transferrina (vectorización activa) que se encuentran en la fase II de los ensayos 
clínicos.  
Los liposomas fueron los primeros nanovehículos aprobados por la FDA para su uso 
en humanos en el tratamiento contra el cáncer;  en concreto, el Doxil
®
 en el año 1995. Estos 
liposomas se modificaron superficialmente con polietilenglicol (PEG) y encapsularon 
eficazmente la DOX para el tratamiento del cáncer de ovario y el sarcoma de Kaposi
118
. En 
años posteriores, sólo 5 formulaciones lipídicas más han sido aprobadas para el tratamiento 
del cáncer basadas en liposomas no modificados superficialmente con PEG (pegilación) 

















. Estos nanovehículos lipídicos se utilizan en el 
tratamiento del sarcoma de Kaposi, la leucemia o el osteosarcoma
103
. Todas estas 
formulaciones no incluyen ningún mecanismo de vectorización activa pero aun así han 
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logrado mejorar la toxicidad y los perfiles farmacocinéticos de los fármacos que 
administran. En la actualidad, se siguen investigando este tipo de formulaciones con más de 
500 ensayos clínicos en Estados Unidos con distintos sistemas lipídicos
5
. En este contexto, 
uno de los ejemplos más prometedores es la formulación pegilada MBP-426 que se 
encuentra actualmente en la fase II de los ensayos clínicos, siendo una de las primeras en 
incorporar un elemento de vectorización activa. La superficie de los liposomas se modifica 
con transferrina que es una glicoproteína que transporta hierro hasta las células mediante su 
interacción con receptores celulares específicos que están sobre-expresados en células 
tumorales  (figura 8). Estos liposomas encapsulan eficazmente oxiplatino para el 
tratamiento del cáncer de mama o hígado
123
.  
 Conjugados poliméricos 
Los conjugados poliméricos se basan en la unión covalente de un fármaco a la 
estructura de un polímero y se distinguen principalmente dos tipos: conjugados polímero-
fármaco y conjugados polímero-proteína. En 1970, Ringsdorf propuso un modelo ideal de 
sistema conjugado de forma que a la estructura del polímero se le añade un grupo 
solubilizador, que mejora la biodisponibilidad del sistema de transporte; un espaciador, 
cuya estabilidad química no debe modificarse durante su transporte, y por último, un 
ligando para alcanzar eficazmente el sitio de acción
124
.  Tanto la elección del portador 
polimérico como la del enlace covalente son puntos clave en el diseño de este tipo de 
macromoléculas poliméricas. Por un lado, el polímero no debe ser ni tóxico, ni 
inmunogénico, y además, debe poseer una apropiada capacidad de carga. Por otra parte, el 
enlace covalente debe ser estable en plasma y capaz de biodegradarse a la velocidad 
adecuada cuando el conjugado llegue a la diana molecular establecida
125-127
. 
Hasta la fecha, no hay ningún conjugado polímero-fármaco aproado por la FDA para 
el tratamiento del cáncer
5
. Por el contrario, dos conjugados polímero-proteína están 
comercialmente disponibles. El PEG-L-asparaginasa (Oncaspar
®
) fue el primer conjugado 
anticancerígeno PEG-proteína en conseguir la aprobación de la FDA para el tratamiento de 
la leucemia
128
. Además, Maeda et al. desarrollaron el primer conjugado polímero-proteína 
que llegó al mercado, denominado SMANCS. Este sistema se basaba en la unión de la 
neocarzinostatina con el copolímero de ácido maleico y estireno para su administración 
local en pacientes con carcinoma hepatocelular
129
.  
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A pesar de no llegar a comercializarse, el avance en el desarrollo de conjugados 
polímero-fármaco ha sido trepidante en los últimos años. Actualmente, hay más de 15 
conjugados en diferentes fases de ensayos clínicos. La mayoría de estos sistemas utilizan 
polímeros sintéticos como el PEG
130
, el poli(N-(2-hidroxipropil)metacrilamida) (HPMA)
131
 
y el ácido poliglutámico (PGA)
132





 y la camptotecina
137, 138
, entre otros. Un ejemplo relevante de 
estos conjugados es el NKTR-102 que actualmente se encuentra en la fase III de ensayos 
clínicos
139
. En este caso, el irinotecan, un derivado de la camptotecina, se ancla 















Figura 9: Estructura química y distintos componentes del primer conjugado polímero-fármaco  
(PK2) con vectorización activa que alcanza la evaluación clínica.  
Actualmente, sólo un conjugado polímero – fármaco con elementos de vectorización 
activa se encuentra en evaluación clínica. Este es el caso del sistema polimérico PK2 en el 
que la DOX se ancla al HPMA, utilizando además la galactosamina como ligando con el fin 
de promover la vectorización hacia el receptor asialoglicoproteico para el tratamiento del 
cáncer hepatocelular o de hígado. Además, este conjugado incluye el tetrapéptido, Gly – 
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Phe – Leu – Gly, como espaciador de forma que permite la liberación del fármaco a través 
de su escisión por enzimas lisosomales presentes en las células tumorales (figura 9)
140
.  
 Nanovehículos poliméricos autoensamblados 
Los sistemas poliméricos autoensamblados representan una de las alternativas más 
prometedoras para el desarrollo de nanofármacos, pudiendo formar parte en un futuro de 
tratamientos más eficaces y menos tóxicos contra el cáncer. El autoensamblado 
macromolecular es un proceso espontáneo basado en la organización de las moléculas en 
estructuras 3D supramoleculares con diferentes morfologías en un medio acuoso. Este 
proceso es posible debido a la naturaleza anfifílica de los sistemas poliméricos utilizados, 











Figura 10: Representación esquemática del proceso espontáneo de formación de nanovehículos 
autoensamblados a partir de copolímeros anfifílicos y su acumulación preferencial en células 
tumorales debido al efecto EPR y la vectorización activa.  
En el proceso de autoensamblado, los bloques hidrofóbicos constituyen el núcleo de 
los nanovehículos que a su vez están rodeados por una corona formada por los dominios 
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hidrofílicos del sistema polimérico. Adicionalmente, el núcleo hidrofóbico de estos 
nanovehículos puede utilizarse para encapsular fármacos anticancerígenos altamente tóxicos 
e hidrofóbicos, favoreciendo su liberación sostenida en el tumor debido al efecto EPR
143-145
. 
Por otra parte, la corona exterior de estos sistemas puede decorarse con diferentes ligandos 
potenciando la vectorización activa de los mismos (figura 10)
141
. En el anexo II se incluye 
una completa revisión bibliográfica acerca de la preparación y las aplicaciones más 
novedosas de sistemas poliméricos autoensamblados para el tratamiento del cáncer. 
         Tipos y métodos de preparación 
Las características y propiedades de los sistemas poliméricos autoensamblados 
dependen de un gran número de factores, entre los que cabe destacar: su composición 
molecular, la secuencia de unidades monoméricas y su distribución a lo largo de las cadenas 
macromoleculares, el balance hidrofílico/hidrofóbico existente, etc.
141
 Adicionalmente, 
estos nanovehículos pueden clasificarse en función de la estructura supramolecular que 
forman después del proceso de autoensamblado. En este sentido, se distingue entre micelas 
poliméricas
146




 o nanoesferas.  
A pesar de que estos sistemas poliméricos pueden prepararse también a partir de 
polímeros naturales, como el ácido hialurónico
149
 o el quitosano
150
, los polímeros sintéticos 
forman parte del desarrollo de un gran número de nanovehículos que hay actualmente en 
evaluación clínica o que están todavía en fase de investigación. En particular, hay un amplio 
espectro de polímeros utilizados para este fin, entre los que cabe destacar: el PEG, los 
Plurónicos
®
, el poliHPMA, diferentes poliaminoácidos (PAA) así como poliésteres 
biodegradables
5, 151
. Adicionalmente, el uso de péptidos anfifílicos y poli(2-oxazolinas) 
(POX) está cobrando especial relevancia en los últimos años en este campo. En cualquiera 
de los casos, la preparación de estos nanovehículos poliméricos conlleva dos etapas: la 
síntesis de los polímeros anfifílicos y la posterior formación de las estructuras 
supramoleculares por diferentes metodologías
141, 152, 153
.  
Los polímeros anfifílicos se pueden preparan por diferentes métodos sintéticos como 
la polimerización por apertura de anillo (ROP), la polimerización radical convencional o 
controlada (CRP, del inglés controlled radical polymerization)  así como por reacciones de 
química click. En primer lugar, la polimerización ROP es la técnica más empleada para la 
preparación poliésteres
154, 155
, polipéptidos y POX
156
. Por otra parte, la polimerización por 
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radicales libres (o polimerización radical convencional) es un método de síntesis sencillo y 
económico que permite obtener polímeros de pseudo-bloque con una apropiada distribución 
de los monómeros a lo largo de sus cadenas macromoleculares. Esto es posible siempre y 
cuando se utilicen monómeros de muy diferente hidrofilia y reactividad. López-Donaire et 
al. copolimerizaron con éxito el metacrilato de oleil 2-acetamido-2-deoxi-α-D-
glucopiranósido (OAG) con la N-vinil-2-pirrolidona (VP). La diferente reactividad de estos 
monómeros  (rOAG = 5,94 y rVP = 0,01) favoreció la formación de dominios hidrofílicos e 
hidrofóbicos que se autoensamblaron formando micelas en agua 
157
. Debido a la potente 
actividad antimitótica del OAG, estos autoensamblados redujeron selectivamente la 
viabilidad de células tumorales de glioblastoma. En la misma línea, García-Fernández et al. 
prepararon copolímeros utilizando un derivado metacrílico del ácido 5-amino-2-
naftalensulfónico (MANSA) y el acrilato de butilo que demostraron una actividad 
antiangiogénica debido a la interacción del MANSA con factores de crecimiento específicos 
involucrados en la migración y proliferación celular
141, 158, 159
.  
En el campo del diseño y control de macromoléculas complejas, las técnicas de CRP 
representan la mejor alternativa para obtener polímeros con baja polidispersidad y un 
control exhaustivo de  la microestructura y organización de los dominios anfifílicos en las 
cadenas poliméricas. Esto se consigue mediante la disminución de los procesos de 
terminación y de transferencia de cadena, aumentando el tiempo de vida media de los 
radicales en propagación. Para ello, se establece un equilibrio de activación y desactivación 
de cadenas en crecimiento  entre especies activas (P·) y durmientes (P-X) (figura 11) 
160
. 
Dentro de los métodos de CRP, la polimerización mediada por radicales estables 
nitróxidos (NMP, del inglés nitroxide mediated polymerization), la polimerización radical 
por transferencia de átomo (ATRP, del inglés atom transfer radical polymerization) y la 
polimerización por adición, fragmentación y transferencia de cadena reversible (RAFT, del 
inglés reversible addition-fragmentation chain transfer polymerization) son las que han 
sido más ampliamente utilizadas en la síntesis de polímeros anfifílicos
141
. Sin embargo, la 
poca versatilidad en cuanto a  monómeros polimerizables de la polimerización NMP
161, 162
 y 
la presencia de catalizadores metálicos en la polimerización ATRP
163, 164
, han convertido la 
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Etapa de transferencia de cadena: 









Figura 11: (A) Representación esquemática de la etapa de propagación en la polimerización radical 
controlada (CRP).  (B) Ventajas de la CRP frente a la polimerización radical convencional. 
La polimerización RAFT fue desarrollada por el grupo de Rizzardo, Moad y Thang 
en 1998 y en ella participan derivados de tioésteres (agentes de transferencia de cadena 
CTA, del inglés chain transfer agents) que controlan el crecimiento de las cadenas 
mediante un proceso de transferencia de cadena degenerativo. Inicialmente, el agente RAFT 
(1) se combina con la cadena propagante formándose una especie radicalaria intermedia (2) 
que puede fragmentarse dando lugar a una especie durmiente (3) y una nueva especie activa 
(R·). Esta nueva especie activa actúa como iniciador de nuevas cadenas por adición de 




Figura 12: Representación de la etapa de transferencia de cadena característica de la polimerización 
RAFT. 
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Las ventajas de la polimerización RAFT en la preparación de polímeros anfifílicos 
son numerosas, destacando el gran número de monómeros polimerizables, en condiciones 
moderadas y dotando a los polímeros de una funcionalidad terminal proveniente del agente 
RAFT que puede utilizarse para la conjugación de otras moléculas o la transformación en 
otros grupos funcionales
166, 167
. A modo de ejemplo, Yang et al.  sintetizaron copolímeros 
tribloque vía RAFT incluyendo una secuencia peptídica (GFLGKGLFG) en la cadena 
principal así como moléculas de DOX
168
.  Adicionalmente, Priyadarsi et al. prepararon 
copolímeros de N-isopropilacrilamida (NIPAM) y N,N-dimetilacrilamida (DMA) que 
fueron capaces de autoensamblarse en medio acuoso
169
.  
Una vez sintetizados los polímeros anfifílicos, la obtención de los nanovehículos 
poliméricos puede llevarse a cabo por diferentes metodologías. Muchas de estas tecnologías 
se basan en la preparación de una suspensión de los polímeros en un disolvente orgánico y 
su posterior eliminación o sustitución por una fase acuosa. En este contexto, la 
nanoprecipitación o la diálisis son dos tecnologías habituales para la síntesis de 
nanoensamblados poliméricos. Otras metodologías muy utilizadas son el salting-out, el 
spray-drying, la polimerización en dispersión o la tecnología de fluidos supercríticos
141, 170
.  
           Ejemplos representativos de nanovehículos poliméricos autoensamblados 
A pesar del gran avance de la investigación en el campo de la nanomedicina y más en 
concreto en el desarrollo de nanofármacos, todavía ningún nanovehículo polimérico ha sido 
aprobado y comercializado para su uso en la terapia contra el cáncer
5
. Sin embargo, más de 
10 sistemas autoensamblados se encuentran actualmente en distintas etapas de los ensayos 
clínicos necesarios para su aprobación y final uso en humanos. De entre todos los polímeros 
empleados en la síntesis de polímeros anfifílicos, destaca el PEG como el polímero más 
ampliamente utilizado. Se trata de un polímero soluble en agua, biocompatible y poco 
inmunogénico, aprobado por la FDA para su uso en aplicaciones farmacológicas. Su 
incorporación en nanovehículos (pegilación) cobra especial relevancia debido a que reduce 
su reconocimiento por el sistema retículo endotelial (RES, del inglés reticuloendothelial 
system), evitando su eliminación en el hígado, bazo o riñón. En efecto, la presencia de 
cadenas de PEG genera un impedimento estérico que bloquea la interacción con opsoninas 
que son las proteínas que reconocen los antígenos de los macrófagos característicos del 
sistema RES (figura 13) 
171-173
. 
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Macrófagos Opsoninas Nanopartícula (NP) NP acumuladas en el hígado 
PEG-NP Inhibición interacción con opsoninas Mayor biodisponibilidad evitando el sistema RES
La mayor parte de los ensayos clínicos con sistemas autoensamblados con PEG 
utilizan polímeros de bloque que están formados también por PAA como el ácido 
poliaspártico (PAsp). Así pues, micelas formadas por copolímeros PEG-b-PAsp fueron 
utilizadas para encapsular PTX y evaluadas in vitro hasta en 12 líneas celulares tumorales 
diferentes. Actualmente, estas micelas, denominas NK105, se encuentran en la fase III de 
ensayos clínicos 
174, 175
.  En fase II se encuentran las micelas poliméricas NK911 en las que 
la DOX es conjugada químicamente al bloque hidrofóbico del copolímero PEG-b-PAsp 
176
. 
Por otra parte, un derivado de la camptotecina (SN38) fue anclado químicamente al ácido 
poliglutámico (PGlu) que formaba el núcleo hidrofóbico de micelas con una corona exterior 
de PEG. Estos sistemas (denominados NK012) de un tamaño de aproximadamente 20 nm se 
encuentran actualmente en la fase II de ensayos clínicos para su futura aprobación y uso en 









Figura 13: Efecto de la pegilación en nanovehículos poliméricos, reduciendo su interacción con las 
opsoninas y su eliminación por el sistema RES. (Modificada de Nanomedicine, 2011, 6:715 
178
). 
 Por otra parte, el PEG se ha combinado con éxito con otros polímeros hidrofóbicos 
como poliésteres. En efecto, el Genexol
®
 es una micela polimérica basada en copolímeros 
de PEG-b-poli(ácido-D,L-láctico) (PEG-b-PDLA) que encapsula PTX para el tratamiento 
del cáncer de ovario, gástrico y de mama. Se encuentra en fase II de los ensayos clínicos, 
mostrando una eficacia mayor que el PTX libre y con menor número de efectos 
secundarios
179, 180
. Actualmente, sistemas más avanzados que incorporan ligandos como 
diferentes secuencias peptídicas
181-183
 o moléculas específicas como el ácido fólico
184, 185
 se 
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encuentran en fase de investigación con prometedores resultados in vitro e in vivo para el 
tratamiento de diversos tumores sólidos. 
En la misma línea que el PEG, los Plurónicos
®
 son una alternativa de interés para el 
desarrollo de nanovehículos poliméricos. Estos polímeros anfifílicos están compuestos por 
un bloque hidrofílico de poli(óxido de etileno) (PEO) y otro hidrofóbico de poli(óxido de 
propileno) (PPO), organizados en estructuras tribloque (PEOx-b-PPOy-b-PEOx)
141
. Uno de 
estos sistemas, denominado SP1049C, ha alcanzado la evaluación clínica en fase III. En 
particular, se trata de micelas formadas por los Plurónicos
®
 L61 y F127 que se emplean 
para la encapsulación de DOX con aplicación en un amplio rango de tumores sólidos, en 
especial, aquellos resistentes a múltiples drogas o multirresistentes (MDR, del inglés, 
multidrug resistance) debido a la inhibición de la glicoproteína P o Pgp (del inglés, P-
glycoprotein) (figura 14)
186, 187






Figura 14: Representación esquemática del sistema conjugado SP1049C que se encuentra en la fase 
III de los ensayos clínicos para el tratamiento de tumores sólidos altamente resistentes.  
A pesar de no alcanzar actualmente la comercialización y ni la fase clínica, muchos 
otros polímeros autoensamblados están siendo intensamente investigados para su uso como 
nanovehículos para el tratamiento del cáncer con resultados muy esperanzadores
141
. Un 
ejemplo es el HPMA que forma la corona hidrofílica de nanovehículos en los que se han 
conjugado distintos fármacos anticancerígenos mediante el uso de los grupos secundarios 
presentes en su estructura
188, 189
. En este contexto, Chytil et al. conjugaron la DOX usando 
diferente contenido de sustituyentes hidrofóbicos como el colesterol. Estos conjugados 
formaron estructuras supramoleculares de hasta 37 nm que mostraron una actividad 
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antitumoral en células de linfoma, acumulándose preferentemente en la zona tumoral debido 
al efecto EPR
190
. Por otra parte, Miller et al. utilizaron una estrategia similar para conjugar 
dos fármacos diferentes en la estructura polimérica del HPMA, el aminobisfosfonato 
alendronato y el PTX con prometedores resultados en células de carcinoma de próstata
191
. 
Un diseño más sofisticado fue propuesto por Jia et al. que copolimerizaron vía RAFT el 
HPMA con el 2-(2-piridildisulfuro)etilmetacrilato (PDSM). Además, la alta versatilidad de 
los grupos PDS permitió la conjugación de la DOX a través de enlaces hidrazona sensibles 
al pH. En un medio acuoso, estos polímeros se autoensamblaron, estabilizándose mediante 
puentes disulfuro. Gracias a la incorporación de enlaces sensibles al pH, la DOX se liberaba 
in vitro preferentemente a pH ácidos, característicos de tumores sólidos
192
.  
Otros ejemplos de sistemas autoensamblados muy investigados son los basados en 
poliésteres (como el ácido poliláctico (PLA)
193
 o la policaprolactona (PCL)
194
) y más 






1.5. Actuales nanovehículos para la administración de α-TOS 
A pesar de su alto potencial terapéutico, el α-TOS es un fármaco muy hidrofóbico, 
no soluble en medio fisiológico y por tanto, muy difícil de administrar. Estas características 
han impedido su uso para el tratamiento selectivo del cáncer más allá de estudios de 
investigación in vitro e in vivo
89
.  
Actualmente, el gran avance de la nanomedicina puede suponer una estrategia eficaz 
para mejorar los problemas de administración del α-TOS
101, 200
. Una de las primeras 
estrategias utilizadas para aumentar la solubilidad del α-TOS ha sido la conjugación con 
PEG (1 kDa de peso molecular) a través del dominio funcional de este fármaco para formar 
el conjugado denominado TPGS (del inglés, α-tocopheryl polyethylene glycol succinate) 
(figura 15A). Esta molécula fue inventada por Eastman Kodak en 1950 y se ha demostrado 
que es capaz de autoensamblarse formando micelas de aproximadamente 13 nm con un 
concentración micelar crítica (CMC, del inglés critical micelle concentration) de 0,02 % 
w/w a 37 ºC
201, 202
. Sin embargo, no fue hasta años más tarde cuando Youk et al. 
demostraron su capacidad antitumoral. En efecto, este conjugado inhibió in vivo el 
crecimiento de células cancerígenas de pulmón de forma más efectiva que el propio α-TOS 
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El mecanismo por el que el TPGS produce la muerte celular mediada por apoptosis 
no es del todo conocido. Por una parte, la prolongación de un dominio hidrofílico en la 
molécula, manteniendo intacta su parte hidrofóbica, claramente mejora su solubilidad en un 
medio fisiológico. Además, esta modificación estructural tiene efectos positivos en la 
interacción del TPGS con membranas lipídicas, favoreciendo su capacidad para generar 
estrés mediado por ROS en las células tumorales. Por otra parte, diferentes autores han 
demostrado que el TPGS inhibe la función de la glicoproteína de membrana Pgp
204
.  Esta 
proteína parece ser la responsable de una disminución en los niveles de distintos fármacos 
como la DOX o el PTX en el interior de las células tumorales mediante un mecanismo de 
transporte dependiente de ATP
205
. Por este motivo, algunos tipos de cáncer no responden 
eficazmente al tratamiento con fármacos antitumorales en lo que se conoce como 













Figura 15: (A) Estructura química del TPGS, incluyendo la incorporación del PEG. (B) 
Comparación del crecimiento del tumor de células cancerígenas de pulmón inoculadas en ratones 
inmunodeprimidos, tras la administración de α-TOS y TPGS. (Modificada de Journal of Controlled 
Release 2005, 107:43 
203
). 
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Además de sus propiedades antitumorales, el TPGS es una molécula ampliamente 
utilizada como agente estabilizante y surfactante en sistemas de liberación controlada de 
fármacos
208
. De hecho, su uso con estos fines está aprobado por la FDA y ya en 2005 se 
incluyó en formulaciones en emulsión para la administración de PTX. Su poder 
emulsionante supera hasta en 77 veces el de otros emulsionantes tradicionales como el 
polialcohol vinílico (PVA)
209, 210
. Además, el TPGS es estable a valores de pH entre 4,5-7,5 
y sufre una hidrólisis inferior al 10 % cuando se mantiene más de 3 meses en un medio 
acuoso neutro, quedando además demostrada la estabilidad del enlace éster entre la 
vitamina E y el grupo succinato
211
. 
1.5.1. Liposomas  
La incorporación de α-TOS en nanovehículos lipídicos es una de las metodologías 
actuales para su mejorar su administración en medios fisiológicos. De acuerdo con su 
estructura, esta molécula interactúa con bicapas lipídicas de forma que su cadena alifática se 
extiende en el centro de la misma de forma paralela a las cadenas de fosfolípidos
212
. 
Adicionalmente,  la estructura cromanol de la molécula se sitúa también dentro de la bicapa 
más superficialmente, quedando el grupo succinato en la interfase acuosa aumentado la 
carga superficial de la membrana lipídica
213
.  Esto hace que la utilización de fosfolípidos 
con carga no sea necesaria a la hora de preparar las formulaciones lipídicas con α-TOS. En 
todos los casos, la composición de los liposomas, el ratio fármaco/lípido y la estabilidad de 
estas formulaciones son parámetros clave en el diseño de estos nanovehículos
97
.  
Uno de los fosfolípidos más empleados para la incorporación de α-TOS ha sido la  
PC 
214
. Koudelka et al. prepararon liposomas con un ratio α-TOS/PC de 3:17 que además 
liofilizaron en presencia de sacarosa. Con esta metodología, se obtuvieron liposomas con 
tamaños entre 130-140 nm que fueron estables al menos 6 meses a temperaturas entre 2 y 8 
ºC
215
. En la misma línea, Hamma et al. mejoraron la estabilidad de liposomas de α-TOS 
mediante la incorporación de PC de huevo (EPC, del inglés egg phosphatidylcholine). 
Además de obtener liposomas de 300 nm mucho más estables, la eficacia antitumoral in 
vitro fue 7 veces superior en células de melanoma B16-F1 en comparación con la 
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Figura 16: (A) Representación esquemática de liposomas formados por TPGS y EPC.  Comparación 
de los resultados in vitro (B) e in vivo (C) de liposomas con y sin EPC en células de melanoma B16-
F1. (Modificada de Journal of Controlled Release 2012, 161:843
216
). 
Otro tipo de fosfolípidos como la fosfatidiletanolamina (PE, del inglés phosphatidyl 
ethanolamine) o la distearoil PE (DSPE, del inglés 1,2-distearoyl-sn-glycero-3-




1.5.2. Conjugados poliméricos  
Tanto el α-TOS como el TPGS han sido utilizados para conjugar distintos fármacos 
antitumorales en su estructura. Cao y Feng anclaron químicamente la DOX al TPGS con el 
fin de evitar los problemas de resistencias asociados a este fármaco y potenciar además su 
actividad terapéutica. Este conjugado se internalizó mejor en las células tumorales de mama 
y glioma y demostró una eficacia antitumoral mayor en ambas líneas celulares en 
comparación con la DOX libre
219
. Adicionalmente, Anbharasi et al. mejoraron 
significativamente este sistema mediante la incorporación de ácido fólico que dotaba al 
sistema de una vectorización activa en células tumorales de mama. De hecho, este 
conjugado demostró una citotoxicidad 45 veces superior a la DOX libre en células MCF-7, 
mejorando además su biodistribución in vivo
220
. En la misma línea, Duhem et al. 
conjugaron este mismo fármaco pero en este caso a la estructura del α-TOS a través de su 
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dominio funcional mediante la formación de un enlace amida. Este conjugado fue capaz de 
formar nanoestructuras de aproximadamente 250 nm cuando el TPGS fue añadido como 
surfactante. En particular, el núcleo de estos agregados estaba formado por la DOX unida al 
α-TOS mientras que el PEG se situaba en la corona exterior de las mismas. Los 
experimentos biológicos realizados con estas micelas demostraron una alta actividad 
anticancerígena
221
. Finalmente, diferentes autores han conjugado otros fármacos como 
PTX
222
 y cisplatino 
223, 224
 a la estructura del TPGS con prometedores resultados in vitro e in 
vivo. 
1.5.3. Nanovehículos poliméricos 
El desarrollo de nanovehículos poliméricos autoensamblados para potenciar la 
eficacia terapéutica del α-TOS se limita actualmente al uso del TPGS en distintas 
formulaciones. Sin embargo, esta molécula debe utilizarse en combinación con otros 
polímeros debido a que su alta CMC puede producir la disociación de sus micelas en 
plasma
89, 201
. Por esta razón, la estrategia más habitual ha sido la polimerización por 




Zhang et al. copolimerizaron ya en 2006 el TPGS con varios ratios de láctico por 
ROP utilizando el octoato de estaño como catalizador
225
. Adicionalmente, la formación de 
NPs a partir de estos copolímeros resulta relativamente sencilla y se ha llevado a cabo por 






. En todos los 
casos, estas técnicas de obtención de las NPs han permitido la encapsulación eficaz de una 









, entre otros. En la mayoría de los casos, la 
utilización de un vehículo con TPGS en su composición mejoró de forma significativa la 
internalización de las partículas en las células tumorales con perfiles óptimos de 
biodistribución y una actividad antitumoral superior in vitro e in vivo en comparación con la 
administración libre de los distintos fármacos. Estos nanovehículos poliméricos se han 
mejorado con éxito mediante la incorporación de distintos ligandos en su superficie como 
anticuerpos monoclonales
226, 232
 o  moléculas pequeñas como el ácido fólico
233
 para 
potenciar su actividad y especialmente, mejorar su capacidad de acumularse en la zona del 
tumor reduciendo su toxicidad (tabla 2). 
 Capítulo I: Introducción 
 
32 | Página  
Tabla 2: Principales nanovehículos poliméricos que incorporan TPGS en su composición para el 
tratamiento del cáncer. 
Capítulo I: Introducción  
 
33 | Página 
IMAGEN - DIAGNÓSTICO 
TERAPIA
VECTORIZACIÓN ACTIVA




1.6. Terapias avanzadas  
En los últimos años, el avance en el campo de la nanomedicina ha sido realmente 
trepidante, posibilitando el desarrollo de nanovehículos para el tratamiento y diagnóstico 
simultáneo de la enfermedad del cáncer.  Estos nanovehículos se denominan teranósticos y 
actualmente representan una de las terapias más avanzadas en fase de investigación para 
combatir de forma precoz el cáncer. Para cumplir eficazmente su función, los nanovehículos 
teranósticos conjugan o encapsulan agentes terapéuticos y de imagen en un mismo sistema. 
Además, se suelen incorporar ligandos en la superficie de estos vehículos para potenciar la 
vectorización activa de los mismos en la zona tumoral, favoreciendo su eficacia y 












Figura 17: Nanovehículos teranósticos como una terapia avanzada contra el cáncer. 
1.6.1. Resonancia magnética de imagen e hipertermia 
Las aplicaciones de los nanovehículos teranósticos son muy variadas, incluyendo una 
gran variedad de modalidades de diagnóstico como los ultrasonidos,  la tomografía por 
emisión de positrones, las imágenes ópticas…
237
 Sin embargo, la resonancia magnética de 
imagen (MIR, del inglés magnetic resonance imagin) es la más utilizada debido a sus 
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ventajas, principalmente su alta resolución espacial evitando el uso de radiación ionizante. 
Adicionalmente, la exposición de los agentes de imagen más comúnmente utilizados  a 
ondas electromagnéticas genera calor (temperaturas entre 42 y 45 ºC) en la zona donde se 
acumulan de forma que se puede producir la muerte celular. Este fenómeno se conoce como 











Figura 18: Representación esquemática de la obtención de NPs basadas en copolímeros PLA-b-
TPGS capaces de encapsular efizcamente IONs y docetaxel (Modificada de Progress in Polymer 
Science 2016, 53:207 
141
). 
Los agentes de imagen necesarios para esta aplicación se requieren en altas 
concentraciones para mejorar la sensibilidad del análisis. Esto puede provocar problemas 
debido a su alta toxicidad de forma que incorporarlos en un nanovehículo es una alternativa 
realmente interesante. El gadolinio, las nanopartículas de óxidos de hierro (IONs, del inglés 
iron oxide nanoparticles) y las nanopartículas superparamagnéticas de óxidos de hierro 
(SPIONs, del inglés superparamagnetic iron oxide nanoparticles)
240, 241
 son los agentes 
magnéticos más empleados para la MRI (tabla 3). Zarabi et al. conjugaron con éxito el 
gadolinio y la DOX al HPMA para el tratamiento y diagnóstico precoz del cáncer de 
mama
242
. Adicionalmente,  IONs fueron encapsulados dentro de nanovehículos lipídicos
243
 
y poliméricos basados en TPGS. Por otra parte, Mi y cols. modificaron copolímeros de 
bloque PLA-b-TPGS para la conjugación de Herceptin® a través del grupo carboxilo 
terminal del derivado pegilado de la vitamina E
244
. Estos copolímeros fueron capaces de 
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autoensamblarse formando NPs que encapsularon eficazmente DTX en su núcleo 
hidrofóbico. Además, estos autores incorporaron IONs para conseguir una terapia 
combinada de hipertemia y quimioterpaia (figura 18). Los resultados biológicos in vitro 
usando un modelo HER2 (receptor 2 de factor de crecimiento epidérmico humano) positivo 
de cáncer de mama demostraron una eficacia 2000 veces mayor de este nanovehículo en 
comparación con cada una de las terapias individualizadas
244
. 
1.6.2. Terapia fotodinámica  
La terapia fotodinámica (PDT, del inglés photodynamic therapy) consiste en la 
administración tópica o sistémica de un compuesto con propiedades fotosensibilizadoras 
que se acumula preferentemente en tejidos tumorales. La posterior irradiación de estos 
tejidos con luz de una determinada longitud de onda ocasiona la formación de especies 
altamente reactivas de oxígeno que son las responsables de la destrucción selectiva del 
tumor. El fotosensibilizador (Ps, del inglés photosensitizer) puede dañar los vasos 




La PDT presenta varias ventajas respecto a otros tratamientos convencionales contra 
el cáncer como son su escasa toxicidad sistémica, debido a que el Ps sólo es activado en 
presencia de luz, así como su capacidad de destruir selectivamente tumores, con la 
consiguiente disminución de efectos secundarios sobre otros tejidos. Actualmente, la FDA 
ha aprobado el uso de más de 5 fotosensibilizadores y otros muchos se encuentran en fase 
clínica. Sin embargo, su incorporación en nanovehículos resulta de gran interés para 
mejorar su eficacia, selectividad y solubilidad
245
. En este sentido, Nakamura et al. anclaron 
químicamente la protoporfirina de Zn (ZnPP), que es un fotosensibilizador todavía en fase 
de investigación, al HPMA. Este conjugado formó espontáneamente micelas de 82 nm que 
permitieron la visualización y el tratamiento in vivo de sarcoma en un modelo animal
246
 
(figura 19A-B).  
Actualmente, las limitaciones de la PDT son importantes. De hecho, los Ps 
disponibles en el mercado tienen una vida media corta dentro del tejido, son difíciles de 
sintetizar y poco estables
247
. Por estas razones, se ha investigado en los últimos años el 
empleo de agentes más eficaces, destacando el uso de NPs de oro
248
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Figura 19: (A) Monitorización in vivo del tumor usando micelas basadas en el conjugado HPMA-
ZnPP. (B) Reducción del tamaño del tumor tras la irradiación con luz a 400-800 nm. (Modificada de  
Journal of Controlled Release 2013, 165:191 
246
). 
En concreto, los QDs fueron identificados en la década de 1980 y su síntesis se logró 
reproducir a principios de 1990. Sin embargo, no fue hasta 2004 cuando Bakalova et al. 
propusieron su uso para la PDT
250
. Estas partículas de pequeño tamaño (2-8 nm) están 
formadas por materiales semiconductores de forma que son capaces de emitir luz en amplio 
espectro de longitudes de onda en función de su tamaño y composición, con una alta 
estabilidad e intensidad
251
.  Para mejorar su biocompatiblidad, los QDs han sido 
encapsulados junto con el DTX en liposomas
252
 y nanovehículos poliméricos basados en 
TPGS. Estos nanovehículos fueron modificados superficialmente con ácido fólico, 
consiguiendo una mejora tanto in vitro como in vivo en el tratamiento del cáncer de 
mama
253
 (tabla 3). 
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1.6.3. Terapia fototérmica por luz infrarroja  
La terapia fototérmica (PTT, del inglés photothermal therapy) por luz infrarroja 
representa una de los sistemas teranósticos más pioneros en la actualidad. Se basa en el 
empleo de radiación infrarroja (700 – 1000 nm) que se caracteriza por su baja absorción y 
autofluorescencia en los tejidos, permitiendo mejorar la capacidad de penetración en los 
mismos con una alta sensibilidad y de forma no invasiva. Además, la absorción de la 
radiación infrarroja por parte de agentes fototérmicos produce un aumento de temperatura 
que es capaz de destruir las células tumorales, sin dañar al tejido sano circundante
254
. 
Los agentes fototérmicos utilizados para la PTT deben poseer una fuerte absorción, 
eficacia y fotoestabilidad en la región del infrarrojo cercano. Además, deben ser compuestos 
no tóxicos y con una apropiada selectividad para aminorar los efectos secundarios del 
tratamiento. En este contexto, se han utilizado agentes fototérmicos inorgánicos en estudios 
preclínicos utilizando diferentes metales (Au, Ag, Pt, etc.), nanoestructuras de carbono, 
IONs… Sin embargo, su naturaleza no biodegradable y su alta toxicidad han ralentizado su 
aplicación clínica. Por estas razones, el uso de agentes fototérmicos de naturaleza orgánica 




Los colorantes de cianina son moléculas orgánicas pequeñas con dos heterociclos 
aromáticos que contienen nitrógeno y están unidos por un puente de polimentino. La 
extensión del número de carbonos del puente de unión entre los heterociclos aromáticos 
provoca un desplazamiento en la absorción de las moléculas de forma que pueden absorber 
incluso más allá de 1000 nm (cianina heptametina, Cy7). Estos colorantes son ampliamente 
utilizados en materiales semiconductores, materiales láser, pinturas…. De hecho, el verde 
de indocianina (ICG, del inglés indocyanine green) fue aprobado hace más de 50 años por 
la FDA para el análisis del flujo sanguíneo. No obstante, muchos de estos colorantes tienen 
problemas de fotoestabilidad, un bajo rendimiento cuántico y una muy baja especificidad 
hacia células tumorales lo que hace necesario su modificación química con ligandos 
específicos que mejoren su acumulación en la zona tumoral. Por todas estas razones y con 
el fin de superar estas limitaciones, la investigación en este campo se ha centrado en el 




 Capítulo I: Introducción  
 
38 | Página 
Diagnóstico – Monitorización in vivo
Vectorización: acumulación mitocondrias de células tumorales
Ablación térmica del tumor – PDT y PTT
IR- 780
Hoechst            Rodamina 123           IR-780                 Merged
Día 1        Día 5       Día 10    Día 20
1.6.4. Sonda de imagen IR-780 
Un ejemplo del gran avance en el desarrollo de colorantes para PDT y PTT es el 
yoduro de IR-780
257
. Se trata de un colorante lipófilo y multifuncional con un máximo de 
emisión a 780 nm. Su estructura química se caracteriza por la presencia de un anillo en su 
cadena principal que rigidiza la molécula y un átomo de cloro en el centro que proporciona 
mayor fotoestabilidad, disminuyendo el efecto de fotodegradación (figura 20). 
Adicionalmente, es estable en suero y tiene un peso molecular apropiado lo que lo convierte 
en una molécula ideal para el diagnóstico y seguimiento in vivo de tumores
258
. En efecto, 
puede ser utilizado para detectar lesiones muy pequeñas como el inicio de una metástasis o 
incluso células tumorales en circulación, siendo capaces de detectar hasta 10 células 














Figura 20: Estructura química y principales propiedades de la sonda IR-780 para PDT y PTT. 
(Modificada de Biomaterials 2014, 35:771 
259
 y Biomaterials 2010, 31:6612 258). 
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Tabla 3: Resumen de los principales nanovehículos teranósticos poliméricos para el tratamiento 
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Una de las principales limitaciones del uso de la sonda IR-780 para PTT y PDT es su 
baja solubilidad y alta toxicidad en medio fisiológico
265
. Por esta razón, la investigación se 
centra actualmente en el desarrollo de nanovehículos que mejoren su administración. En 
este sentido, queda mucho camino por recorrer de forma que sólo se han descrito vehículos 




 (tabla 3).   
1.7. Limitaciones de los nanovehículos actuales basados en α-TOS 
A pesar del gran avance de la nanomedicina, los actuales nanovehículos que incorporan 
α-TOS en su composición presentan importantes limitaciones y no son capaces de explotar las 
principales características de este mitocan para lograr un tratamiento más eficaz, selectivo y 
menos tóxico contra el cáncer, dotando además a los pacientes de una mejor calidad de vida. 
Como se ha descrito anteriormente, la mayor parte de los nanovehículos basados en α-
TOS lo incorporan en forma de TPGS. Sin embargo, este conjugado con PEG sólo contiene 
una molécula de α-TOS en su estructura y además es altamente tóxico debido a sus 
propiedades como surfactante, afectando a la viabilidad tanto de células tumorales como de 
células sanas. Esto hace que se pierda una de los principales atractivos del α-TOS para el 
desarrollo de nuevos tratamientos contra el cáncer, su selectividad contra células tumorales
211
. 
Por otra parte, el PEG que forma la estructura del TPGS podría ser una ventaja debido a 
que su presencia en la superficie de estos nanovehículos podría evitar su eliminación en el 
sistema RES, manteniendo y alargado su tiempo de vida media en plasma. Sin embargo, el 
peso molecular del PEG utilizado para sintetizar el TPGS es muy reducido (1 kDa). En este 
sentido, se ha descrito que el impedimento estérico ofrecido por las cadenas de PEG en la 




Todas estas limitaciones indican que los vehículos actuales que incluyen α-TOS en su 
estructura representan más bien una prometedora opción como sistemas de liberación 
contralada de otros fármacos que se encapsulan en su núcleo hidrofóbico. En este sentido, no 
hay ningún nanovehículo descrito en la literatura que encapsule el α-TOS propiamente dicho 
para su liberación sostenida y vectorizada a la zona tumoral. Por estas razones, se puede 
concluir que existe una necesidad real de desarrollar un nanovehículo polimérico que contenga 
α-TOS en su estructura aunando sus características más ventajosas pero solventando al mismo 
tiempo sus limitaciones, basadas principalmente en su baja solubilidad.  
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En la presente tesis doctoral se han sintetizado distintos sistemas poliméricos que 
incorporan α-TOS en su estructura utilizando distintas técnicas de polimerización radical. Con 
el fin de dotarlos de propiedades anfifílicas, se han empleado diferentes monómeros 
hidrofílicos que al copolimerizarlos con un derivado metacrílico del α-TOS han sido capaces 
de autoensamblarse espontáneamente en medio acuoso formando nanopartículas de un tamaño 
óptimo para su aplicación en la terapia contra el cáncer. Estas nanopartículas se han utilizado 
además como vehículos para la encapsulación adicional de α-TOS en su estructura, estudiando 
su mecanismo de acción y toxicidad en diferentes líneas celulares.  Finalmente, estas 
nanopartículas se han mejorado para lograr una vectorización activa eficaz con IR-780, un 
agente de imagen que permite un diagnóstico y monitorización simultaneo, propio de una 
terapia teranóstica avanzada.  
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II. Objetivos 
Una de las patologías más importantes a las que tiene que hacer frente la sociedad 
actualmente es el cáncer. Los tratamientos más ampliamente utilizados han mejorado el 
tiempo y calidad de vida de los pacientes. Sin embargo, los efectos secundarios derivados 
de su uso, su falta de eficacia y la necesidad de un diagnóstico precoz evidencian la 
imperante necesidad de investigar nuevos fármacos anticancerígenos así como desarrollar 
tratamientos avanzados que permitan a su vez una monitorización a tiempo real de la 
enfermedad. 
Las investigaciones en este campo se centran en atacar las diferencias encontradas en 
las mitocondrias de las células no patológicas y las células tumorales, convirtiendo a estos  
orgánulos en una diana terapéutica ideal para el desarrollo de tratamientos más selectivos 
contra el cáncer. En este contexto, surgen fármacos como el succinato de la vitamina E (α-
TOS) que, sin embargo, al igual que ocurre con la mayoría de fármacos antitumorales, 
presenta una baja especificidad y solubilidad.  
El objetivo de la presente tesis doctoral ha sido el diseño,  caracterización 
fisicoquímica y evaluación de la actividad biológica de diversos vehículos poliméricos 
nanoestructurados portadores del fármaco anticancerígeno α-TOS con el fin de lograr un 
tratamiento más eficaz, selectivo y menos tóxico contra el cáncer.  
Para alcanzar este objetivo global, se recogen 5 trabajos científicos que se agrupan en 
3 capítulos diferentes con el fin de presentar los resultados con mayor claridad y de acuerdo 
con los objetivos más concretos que se desean alcanzar en cada uno de ellos y que se 
resumen a continuación: 
1- En el capítulo 3 titulado “Bioactive nanoparticles based on free radical copolymers 
of vitamin E derivatives” se incluyen dos publicaciones científicas cuya principal 
objetivo es la preparación de vehículos poliméricos bioactivos portadores de 
derivados de la vitamina E y el estudio de la relación estructura-propiedades. Para 
ello, se lleva a cabo la síntesis y caracterización de cuatro familias de copolímeros 
preparados por polimerización radical convencional de derivados metacrílicos del α-
TOS (MTOS), la vitamina E (MVE) y del dihidrofitol (MPHY y SPHY) con la N-
vinil pirrolidona (VP). Además, se estudian las cinéticas de las reacciones de 
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copolimerización y la influencia de las propiedades microestructurales de los 
copolímeros preparados en la obtención de sistemas autoensamblados en forma de 
nanopartículas (NPs). La actividad biológica de estas NPs es evaluada en diversas 
líneas celulares, analizando la relación entre la actividad biológica obtenida y las 
características estructurales de los monómeros preparados. Finalmente, estas NPs se 
utilizan para encapsular eficazmente más α-TOS en su núcleo hidrofóbico, con el fin 
de mejorar su actividad y estudiar su mecanismo de acción a nivel celular. 
 
2- El capítulo 4 titulado “RAFT polymer-drugs derived from α-tocopheryl succinate” 
recoge dos artículos que tienen como objetivo fundamental la obtención de NPs 
poliméricas bioactivas con una estructura y composición química bien definida y 
baja polidispersidad. Para ello, se emplea la polimerización controlada vía RAFT 
para la obtención de copolímeros de bloque formados por MTOS y polietilenglicol 
(PEG-b-poliMTOS). Asimismo, se analiza la influencia de las propiedades del PEG 
y del contenido de monómero activo (MTOS) en la capacidad de las NPs preparadas 
para internalizarse y afectar a la viabilidad de células tumorales. Finalmente, otro de 
los objetivos primordiales de este capítulo es el estudio de cómo afecta la 
modificación del bloque hidrófobo en la relación estructura-actividad de estas NPs 
mediante la preparación terpolímeros que incorporan 2-hidroxietil metacrilato 
(HEMA) en su estructura. 
 
3- El capítulo 5 titulado “Phototherapeutic nanoparticles” pretende desarrollar 
nanopartículas fluorescentes basadas en  los polímeros de bloque PEG-b-poliMTOS 
anteriormente descritos con el fin de mejorar su actividad antitumoral por fototerapia. 
Para ello, se recoge un trabajo científico en el que se optimiza la conjugación 
química y encapsulación física de la sonda fluorescente IR-780 en los polímeros de 
bloque más activos. Adicionalmente, se estudia la formación de NPs así como sus 
óptimas propiedades ópticas con el fin de obtener sistemas autoensamblados que 
puedan monitorizarse por fluorescencia, facilitando el tratamiento y diagnóstico 
simultáneo del cáncer. Por último, se evalúan las propiedades fototerapéuticas 
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3.1.1. Abstract  
α-Tocopheryl succinate (α-TOS) is a well-known mitochondrially targeted anticancer 
compound, however it is highly hydrophobic and toxic. In order to improve its activity and 
reduce its toxicity, new surfactant-free biologically active nanoparticles (NPs) were 
synthesized. A methacrylic derivative of α-TOS (MTOS) was prepared and incorporated in 
amphiphilic pseudoblock copolymers when copolymerized with N-vinyl pyrrolidone (VP) 
by free radical polymerization (poly(VP-co-MTOS)). The selected poly(VP-co-MTOS) 
copolymers formed surfactant-free NPs by nanoprecipitation with sizes between 96 and 220 
nm and narrow size distribution, and the in vitro biological activity was tested.  
In order to understand the structure-activity relationship, three other methacrylic 
monomers were synthesized and characterized: MVE did not have the succinate group, 
SPHY did not have the chromanol ring, and MPHY did not have both the succinate group 
and the chromanol ring. The corresponding families of copolymers (poly(VP-co-MVE), 
poly(VP-co-SPHY) and poly(VP-co-MPHY)) were synthesised and characterized, and their 
biological activity was compared to poly(VP-co-MTOS). Both poly(VP-co-MTOS) and 
poly(VP-co-MVE) presented triple action: reduced cell viability of cancer cells with little or 
no harm to nonmalignant cells (anticancer), reduced viability of proliferating endothelial 
cells with little or no harm to quiescent endothelial cells (antiangiogenic), and efficiently 
encapsulated hydrophobic molecules (nanocarrier). The anticancer and antiangiogenic 
activity of the synthesized copolymers is demonstrated as the active compound (Vitamin E 
or α-tocopheryl succinate) do not need to be cleaved to trigger the biological action  
targeting ubiquinone binding sites of complex II. Poly(VP-co-SPHY) and poly(VP-co-
MPHY) also formed surfactant-free NPs that were also endocyted by the assayed cells; 
however these NPs did not selectively reduce cell viability of cancer cells. Therefore, the 
chromanol ring of the vitamin E analogues has an important role in the biological activity of 
the copolymers. Moreover, when succinate moiety is substituted and vitamin E is directly 
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3.1.2. Introduction 
α-Tocopheryl succinate (α-TOS) selectively induces apoptosis of cancer cells and 
acts as an angiogenesis regulator because it also induces apoptosis of proliferating 
endothelial cells with little or no harm to the quiescent endothelial cells. α-TOS presents 
mitochondrially targeted anticancer activity because it is a BH3 protein mimetic that blocks 
Bcl-2 or Bcl-xL antiapoptotic proteins (mitocan type II), and because it interferes with the 
electron transport chain; specifically, α-TOS displaces ubiquinone from binding to complex 
II inhibiting succinate deshydrogenase activity of complex II in the mitochondrial transport 
chain (mitocan type V)
1, 2
. As a result, the generated electrons recombine with molecular 
oxygen to produce high levels of reactive oxygen species (ROS) that activate the proteins 
that regulate mitochondrial permeabilization and trigger apoptosis
3, 4
.   
At a molecular level, Neuzil et al. described three different domains in α-TOS 
structure: the functional domain (succinate moiety), the signaling domain (chromanol ring 
moiety) and the hydrophobic domain (aliphatic chain moiety) and stated that the functional 

















Figure 1: Formation of multimicellar NPs based on amphiphilic pseudoblock copolymer drugs.
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α-TOS is a lipophilic molecule difficult to administrate in physiological media and 
therefore, several modifications have been performed in order to improve its hydrophilicity. 
One of the most common derivatives of α-TOS is the poly(ethylenglycol 1000)-α-TOS 
conjugate (TPGS)
6
. It is a nonionic surfactant that forms stable micelles in aqueous media at 
concentrations as low as 0.02 wt %. It was approved by the FDA as a safe pharmaceutic 
adjuvant and has been used in many drug delivery formulations. It presents similar 




Another strategy to improve α-TOS solubility is the incorporation of α-TOS in 
nanovehicles. Polymeric self-assembled nanovehicles (micelles, capsules, particles) present 
a hydrophilic shell and a hydrophobic core and therefore have been used for the controlled 
administration of hydrophobic drugs
8, 9
. They are obtained by self-assembling of 
amphiphilic macromolecules obtained by radical polymerization, controlled polymerization 
(ATRP, RAFT…) or modification of natural or synthetic polymers in order to obtain the 
appropriate hydrophilic/hydrophobic balance to form nanoparticles (NPs) in aqueous media. 
α-TOS could be encapsulated in the hydrophobic core or could be covalently attached to the 
macromolecular chain, which could present biological activity itself (polymer drug)
10, 11
. 
Moreover, the macromolecular nature of the polymeric systems will favor passive targeting 
of the systems by the accumulation and extravasation to the tumor area due to the so-called 
Enhanced Permeability and Retention (EPR) effect firstly described by Matsumura and 
Maeda in 1986
12
. This effect is due to the high permeability of the defective vasculature that 
irrigates the tumor and the lack of effective tumor lymphatic drainage that prevents 





The aim of this work was the development of new α-TOS-based polymeric drugs 
with anticancer and antiangiogenic activity that form self-assembled polymeric micelles for 
controlled release of chemotherapeutic molecules. Therefore, the new polymers will present 
pharmacological activity, and will form NPs for the encapsulation and delivery of other 
hydrophobic drugs. For this purpose, a methacrylic derivative of α-TOS (MTOS) was 
synthesized in order to be polymerized with a hydrophilic monomer.  MTOS presented all 
structural domains described by Neuzil, but the carboxylic group of the succinate was 
derived into a hydrolizable ester group to be attached to the polymerizable double bond. 
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Figure 2: 1H-NMR spectra of (A) MTOS, (B) MVE, (C) SPHY, and (D) MPHY. 
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 In order to study the influence of the three domains of α-TOS in the biological 
activity of the polymeric drugs NPs, three other monomers were prepared (figure 2): MVE 
(the functional domain was eliminated), SPHY (the signaling domain was eliminated), and  
MPHY (both functional and signaling domains were eliminated). MTOS, SPHY and MPHY 
are described in this paper for the first time.  
Four copolymeric families with N-vinyl pyrrolidone (VP) were obtained by free 
radical polymerization and were fully characterized. They were designed to present an 
appropriate hydrophilic/hydrophobic balance and an adequate distribution of the 
comonomers in the polymeric chains to form surfactant-free self-assembled NPs when 
nanoprecipitated in aqueous media. The hydrophobic core of the NPs allowed the 
encapsulation of other hydrophobic molecules. In vitro biological activity of the four 
families of NPs were compared in order to study structure-activity relationship and to 
understand the role of the three domains described by Neuzil for α-TOS in a 
macromolecular system.  
Cell viability of human breast adenocarcinoma cells (MCF-7) and human breast 
epithelial cells (HMEpC) in the presence of the NPs was compared in order to evaluate the 
NP selectivity. Moreover, cell viability of proliferating and quiescent human umbilical vein 
endothelial cells (HUVEC) in the presence of the NPs was also evaluated in order to study 
the antiangiogenic effect of the new formulations. MTOS and MVE-bearing NPs could be 
administered in aqueous buffered solution, giving in vitro biological activity, higher 
selectivity, and much lower toxicity than α-TOS and TPGS. 
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3.1.3. Materials and methods 
α-tocopherol (vitamin E, Sigma-Aldrich), phytol (Sigma-Aldrich), methacryloyl 
chloride (Fluka), triethylamine  (Scharlau), 4-dimethylaminopyridine (DMAP, Sigma-
Aldrich), tetrabutylammonium iodide (Sigma-Aldrich ), Raney Nickel 2800 (Sigma-Aldrich 
), N,N’-dicyclohexylcarbodiimide (DCC, Sigma-Aldrich), dichloromethane (Sigma-
Aldrich), hexane (Sigma-Aldrich), hydrochloric acid (HCl, VWR), sodium hydroxide 
(NaOH, Panreac) were used without further purification in the preparation of different 
monomers.  
N-Vinyl pyrrolidone (VP, Sigma-Aldrich) and 1,4-dioxane (Panreac) were purified 
by distillation under reduced pressure and  2,2’-azobisisobutyronitrile (AIBN, Merck) was 
recrystallized from methanol (mp 104 ºC) for the preparation of amphiphilic copolymers.  
Deuteraded chloroform (CDCl3, Sigma-Aldrich) and chromatographic grade 
tetrahydrofuran (THF, Sigma-Aldrich) were used without further purification to 
characterize polymeric systems. Additionally, phosphate buffered solution (PBS, pH 7.4, 
Sigma-Aldrich) and coumarin-6 (c6, Sigma-Aldrich) were used without further purification. 




C-NMR were performed in a Mercury 400BB apparatus, operating at 
400 and 100 MHz, respectively. The spectra were recorded by dissolving the corresponding 
sample in deuterated CDCl3 at 25 ºC. Copolymer composition was calculated from 
1
H-
NMR spectra using MestreNova 9.0 software. High resolution mass spectroscopy (HRMS) 
was performed using an Agilent 5975 C spectrometer (perfluorokerosene (PKF) served as 
the internal reference). Fourier transform infrared attenuated total reflectance (ATR-FTIR) 
spectroscopy was performed in a Perkin Elmer Spectrum One FTIR spectrometer using 32 
scans, and a resolution of 4 cm
-1
. 
Glass transition temperatures (Tg) were determined by differential scanning 
calorimetry with a Perkin Elmer DSC7 interfaced to a thermal analysis data system TAC 
7/DX. The dry samples (7–10 mg) were placed in aluminium pans and heated from -30 to 
160 or 200 ºC in the case of PVP at a constant rate of 20°C/min. Tg was taken as the 
midpoint of the heat capacity transition.  
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The average molecular weight (Mn and Mw) and dispersity (Ð) of all the polymers 
were determined by size exclusion chromatography (SEC), using a Perkin-Elmer Isocratic 
LC pump 250 coupled to a refraction index detector (Series 200). Three polystyrene-divinyl 






 Å were 
used as solid phase, and degassed THF (1 mL/min) was used as eluent and temperature was 
fixed at 40 ºC. Monodisperse poly(methyl methacrylate) standards (Scharlab) with 
molecular weights (MWs) between 10.3 and 1.400 kDa were used to obtain the calibration 
curve. Data were analyzed using the Perkin-Elmer LC solution program.  
 Synthesis of monomers and copolymers 
Synthesis of the methacrylic derivative of the α-tocopheryl succinate (MTOS) 
α-TOH (1 equiv) was dissolved in dichloromethane and introduced into a 250 mL 
round-bottom flask. Mono-(2-(methacryloyloxy)ethyl) succinate MES (1.4 equiv) and 
DMAP (0.1 equiv) were also added to the reaction mixture. DCC (1.5 equiv) was then 
added dropwise with constant stirring using an ice bath under nitrogen atmosphere. 
Afterward, the reaction mixture was stirred for 24 h at room temperature. 
The reaction mixture was washed 3 times with NaOH (1N) and the solvent removed 
under reduced pressure. The resulting oil was resolved in hexane and washed with HCl 
(1N), dried over MgSO4, and the solvent removed under reduced pressure. The yield of the 
reaction was 90 %. The chemical structure of the methacrylic derivative of α-TOS was 
elucidated by NMR spectroscopy.  
1
H-NMR spectrum (400 MHz, CDCl3): δH 6.12 (s, 1H), 5.57 (dq, J = 1.66, 3.17 Hz, 
1H), 4.36-4.35 (m, 4 H), 2.94 (t, J = 6.34 Hz, 2 H), 2.79 (t, J = 6.92 Hz, 2 H), 2.58 (t, 
J = 6.53 Hz, 2 H), 2.08 (s, 3 H), 2.01 (s, 3 H), 1.97 (s, 3 H), 1.93 (s, 3 H), 1.89-1.67 
(m, 4 H), 1.67-1.44 (m, 3 H), 1.44-1.17 (m+s, 13 H), 1.17-0.99 (m, 6 H), 0.92-0.79 
ppm (4xd, J = 6.68 Hz, 12 H).  
13
C-NMR spectrum (100 MHz, CDCl3): δC 172.2, 171, 167.3, 149.6, 140.6, 136.0, 
126.8, 126.3, 125.1, 123.2, 117.5, 75.3, 62.7, 62.5, 39.6, 37.6, 37.5, 33.0, 30.9, 29.6, 
29.2, 29.0, 28.2, 26.4, 25.0, 24.9, 24.7, 22.9, 22.8, 21.2, 20.8, 20.0, 19.9, 19.8, 19.7, 
18.5, 13.1, 12.3, 12.0 ppm. 
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ATR-FTIR spectrum (cm
-1
): υ = 2928, 2866, 1744, 1722, 1456, 1377, 1297, 1142, 
1109, 1065, 941, 814, 737, 704 cm. 
HRMS (ESI): Calculated for C40H64O7 [M+H]
+
 657.4725, found  657.4989. 
 Synthesis of the methacrylic derivative of α-Tocopherol (MVE) 
Vitamin E methacrylate (MVE) was obtained as previously described
15
. 
 Synthesis of the methacrylic derivative of dihydrophytol (MPHY) 
Dihydrophytol was synthesized as previously described
16
. A methacrylic derivative 
of dihydrophytol (MPHY) was prepared by reaction of dihydrophytol with methacryloyl 
chloride using dichloromethane as solvent. Particularly, dihydrophytol (1 equiv), 
triethylamine (1.5 equiv), DMAP (0.1 equiv), and dichloromethane were incorporated to a 
250 mL round bottom flask. Then, methacryloyl chloride (1.2 equiv) was added dropwise 
over the reaction mixture with constant stirring at room temperature under nitrogen 
atmosphere. Afterward, the reaction mixture was kept under magnetic stirring for 24 h at 
room temperature.  
The reaction mixture was treated with NaOH (1N) and the organic phase evaporated 
under vacuum. The resulting oil was resolved in hexane, washed three times with HCl (1N), 
dried over MgSO4, and the solvent removed under reduced pressure. The yield of this 
reaction was higher than 90 %.  The chemical structure of MPHY was confirmed by NMR 
spectroscopy. 
1
H-NMR spectrum (400 MHz, CDCl3): δH 6.09 (dq, J = 1.02, 1.7 Hz, 1 H), 5.54 (dq, 
J = 1.61, 3.22, 1 H), 4.21-4.14 (m, 2H), 1.94 (m, 3 H), 1.76-1.63 (m, 1 H), 1.62-1.41 
(m, 3 H), 1.41-0.98 (m, 20 H), 0.94-0.80 ppm (5xd, J = 6.5 Hz, 15 H). 
13
C-NMR spectrum (100 MHz, CDCl3): δC 167.7, 136.7, 125.4, 63.4, 39.6, 37.7, 37.6, 




): υ = 2955, 2927, 2890, 1721, 1678, 1639, 1463, 1378, 
1321, 1296, 1164, 1111, 1040, 1012, 937, 814, 736, 698, 657. 
HRMS (ESI): Calculated for C24H46O2 [M+H]
+
 367.3571, found  367.3615. 
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Synthesis of the methacrylic derivative of dihydrophytol succinate (SPHY) 
Dihydrophytol (1 equiv), MES (1.4 equiv) and DMAP (0.1 equiv) were dissolved in 
dichloromethane and added to a 250 mL round-bottom flask. Then, DCC (1.5 equiv) was 
added dropwise with constant stirring using an ice bath under nitrogen atmosphere. The 
reaction mixture was kept under magnetic stirring for 24 h at room temperature. 
The reaction mixture was washed 3 times with NaOH (1N) and HCl (1N) solutions 
and the solvent was then evaporated under vacuum. The resulting oil was resolved in 
hexane and again purified by successive washed with NaOH (1N) and HCl (1N) solutions. 
After drying over MgSO4, the residual solvent was removed under reduced pressure. The 
yield of this reaction was higher than 90 %. The chemical structure of SPHY was confirmed 
by NMR spectroscopy.  
1
H-NMR spectrum (400 MHz, CDCl3): δH 6.11 (bs, 1 H), 5.57 (dq, J = 1.51, 3.20, 12 
H), 4.33 (s, 4 H), 4.15-4.05 (m, 2H), 2.69-2.56 (m, 2 H), 1.93 (t, J = 0.97 Hz, 3 H), 
1.83-0.95 (m, 24 H), 0.91-0.76 ppm (5xd, J = 6.6 Hz, 15 H). 
13
C-NMR spectrum (100 MHz, CDCl3): δC 172.4, 172.3, 136.1, 126.3, 63.6, 62.5, 
39.6, 37.7, 37.6, 37.5, 37.4, 35.7, 35.6, 33.0, 30.1, 29.3, 29.2, 28.2, 25.0, 24.7, 24.5, 
22.9, 22.8, 20.0, 19.9, 19.8, 19.7, 19.6, 18.5 ppm. 
ATR-FTIR spectrum (cm
-1
): υ = 2955, 2927, 2869, 1737, 1638, 1521, 1461, 1378, 
1319, 1297, 1151, 1052, 977, 941, 881, 814, 737, 658. 
HRMS (ESI): Calculated for C31H56O6 [M+H]
+
 525.4150, found 525.4158. 
 Synthesis of the homopolymers 
VP and methacrylic monomers (MPHY, MTOS or SPHY) were polymerized in 
solution using 1,4-dioxane as solvent. The monomer solutions ([M] = 0. 25 mol/L) were 
deoxygenated with N2 for 15 min. Afterward, the radical initiator AIBN ([I]=1.5 x 10
-2
 
mol/L) was added to the solutions and the reaction medium transferred to an oven at 60 ºC. 
The reaction time was 24 h to obtain a high conversion polymer.  
At the end of the reaction, homopolymers (PVP, PMTOS, PMPHY and PSPHY) 
were dialyzed (Spectrum Laboratories, 3.5K MW cut-off) against distilled water for 72 h. 
The resulted homopolymers were lyophilized to yield a white amorphous powder.  
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1
H-NMR spectrum (PMTOS, 400 MHz, CDCl3): δH 4.44-4.88 (2xbs, 4 H), 3.02 (bs, 2 
H), 2.83-2.63 (bs, 2 H), 2.61-2.43 (bs, 2 H), 2.14-1.85 (3xs, 9 H), 1.83-1.61 (m, 3 H), 
1.62-1.44 (m, 5 H), 1.44-0.96 (m, 18 H), 0.92-0.64 ppm (m, 12 H). 
13
C-NMR spectrum (PMTOS, 400 MHz, CDCl3): δC 167.7, 136.7, 125.3, 63.5, 39.6, 
37.7, 37.6, 37.5, 37.4, 35.7, 35.6, 33.0, 30.0, 28.2, 25.0, 24.7, 24.5, 22.9, 22.8, 20.0, 
19.9, 19.8, 19.7, 18.6 ppm. 
ATR-FTIR spectrum (PMTOS, cm
-1
): 2952, 2924, 2869, 1736, 1661, 1580, 1524, 
1457, 1413, 1376, 1351, 1314, 1245, 1142, 1111, 1063, 966, 919, 881, 864, 815, 748, 
680. 
 Synthesis of the copolymeric systems 
Copolymeric systems based on methacrylic derivatives of α-TOS and dihydrophytol 
were synthesized by free radical polymerization in solution using VP as comonomer and 
different feed molar ratios in order to obtain polymers with different hydrophilic – 
hydrophobic balance. Particularly, comonomers were dissolved in 1,4-dioxane at a total 
monomer concentration of 1 M (poly(VP-co-MVE)) or 0.25 M (poly(VP-co-MPHY), 
poly(VP-co-MTOS) and (poly(VP-co-SPHY)), and the mixture solutions were 
deoxygenated bubbling pure nitrogen during 15 minutes. Then, AIBN was added as free 
radical initiator to the solution ([I]=1.5x10
-2
 M) and the reaction vessel was transferred to an 
oven at 60 ºC for 24 h with the aim to thermally induce the polymerization and obtain high 
conversion copolymers. 
At the end of the polymerization reactions, copolymers (poly(VP-co-MVE), 
poly(VP-co-MTOS), poly(VP-co-MPHY) and poly(VP-co-SPHY)) were purified by 
dialysis (Spectrum Laboratories, 3.5K MW cut-off) against distilled water for 72 h in order 
to remove of residual unreacted monomers and low MW species. The resulting solutions 
were isolated by freeze-drying to yield white amorphous powders.  
1
H-NMR spectrum (SPHY-24, 400 MHz, CDCl3): δH 4.46-3.82 (m, 8 H), 3.81-3.54 
(m, 1 H), 3.42-2.97 (m, 4 H), 2.85-2.53 (m, 6 H), 2.50-1.57 (m, 15 H), 1.57-0.96 (m, 
28 H), 0.95-0.78 ppm (m, 15 H). 
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13
C-NMR spectrum (SPHY-24, 400 MHz, CDCl3): δC 172.4, 172.3, 167.3, 136.1, 
126.3, 63.6, 62.6, 62.5, 39.6, 37.6, 37.5, 37.4, 35.7, 35.6, 33.0, 30.1, 29.3, 29.2, 28.2, 
25.0, 24.7, 24.5, 22.9, 22.8, 20.0, 19.9, 19.7, 19.6, 18.5 ppm. 
ATR-FTIR spectrum (SPHY-24, cm
-1
): 3438, 2955, 2926, 2866, 1733, 1659, 1494, 
1461, 1423, 1377, 1317, 1287, 1272, 1231, 1159, 1076, 1053, 1020, 1000, 935, 893, 
847, 735. 
 Reactivity ratios determination by ‘in situ’ 1H-NMR 
Reactivity ratios of the synthesized copolymeric systems were determined by a 
method described in a previous publication using ‘in situ’ 
1
H-NMR for the monitorization 
of the copolymerization reactions
17
. Copolymerization reactions were carried out inside a 
NMR tube in the same experimental conditions as described above but using 1,4-dioxane-d8 
as solvent. A solution of 1,4-dichlorobenzene (10 mg/mL) in DMSO-d6 in a thin wall 
capillary tube introduced in the NMR tube was used as reference. Temperature was 
maintained at 60 ºC using the apparatus (Inova Mercury- 400 MHz) heat control system. 
Signals were integrated using MestreNova 9.0 software and the monomers concentrations 








where A1 corresponds to the integrated peak intensity of a vinylic proton assigned to 
VP (7.12 ppm), and B1 corresponds to the integrated peak intensity of an acrylic proton 
assigned to the methacrylic monomer (MMon: MTOS 6.12 ppm, MVE 6.37 ppm, MPHY  
6.09 ppm and SPHY 6.13 ppm). The values were normalized using the initial feed 
compositions and the value of the reference peak. 
 NP formation by nanoprecipitation 
Self-assembled NPs were prepared by nanoprecipitation. For this purpose, 
copolymers were dissolved in 1,4-dioxane (10 mg/mL) and then added drop by drop over an 
aqueous phase (PBS, 0.01 M, pH 7.4) under constant magnetic stirring. The volume of the 
organic solution of copolymers was varied with the aim to obtain NP suspension at different 
concentration (2 – 0.05 mg/mL). After the nanoprecipitation, milky NP dispersions were 
dialyzed against PBS during 72 h in order to remove organic solvent. Afterward, each NP 
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suspension was sterilized by filtration through 0.22 µM poly(ether sulfone) membranes 
(PES, Millipore Express
®
, Millex GP) and stored at 4 ºC.  
 Coumarin-6 encapsulation 
c6-loaded NPs were also obtained by nanoprecipitation. c6 (1 % w/w respect to the 
polymer) and the corresponding polymer (10 mg/mL) were dissolved in dioxane and added 
dropwise to a PBS solution under magnetic stirring. The final polymer concentration was 
2.0 mg/mL. The solution was dialyzed against PBS for 72 hours in order to eliminate the 
organic solvent and non-encapsulated c6.  
 Particle Size Distribution 
The particle size distribution of the NP suspensions was determined by dynamic light 
scattering (DLS) using a Malvern Nanosizer NanoZS Instrument  equipped with a 4mW 
He-Ne laser (λ=633 nm)  at a scattering angle of 173°. Measurements of NP dispersions 
were performed in square polystyrene cuvettes (SARSTEDT) and the temperature was kept 
constant at 25 ºC.  
The autocorrelation function was converted in an intensity particle size distribution 
with ZetaSizer Software 7.10 version, to get the mean hydrodynamic diameter (Dh) and the 
particle dispersion index (PDI) between 0 (monodisperse particles) and 1 (polydisperse 
particles) based on the Stokes-Einstein equation, assuming the particle to be spherical. For 
each sample, the statistical average and standard deviation of data were calculated from 8 
measurements of  20 runs each one.  
 Characterization morphology of NPs by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) and atomic force microscopy (AFM) 
The morphology of NPs was observed using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) and atomic force microscopy (AFM). SEM 
analysis was performed with a Hitachi SU8000 TED, cold-emission FE-SEM microscope 
working with an accelerating voltage between 15 and 25 kV. Samples were prepared by 
deposition of one drop of the corresponding NP suspension over small glass disks (12 mm 
diameter and 1 mm thickness), and evaporation at room temperature. Finally, the samples 
were coated with gold palladium alloy.  
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TEM analysis was done with Hitachi SU8000 TED, cold-emission FE-SEM 
microscope, operating at an acceleration voltage of 50 kV. A drop of NP suspension (0.02 
mg/mL) was deposited over poly(vinyl formal)-coated copper TEM grid and evaporated 
overnight at room temperature. An additional drop of brilliant black dye (Sigma-Aldrich) 
was deposited on the grid, the excess was removed with filter paper, and the grid was 
allowed to dry before TEM observation. 
For AFM examination, a drop of NP dispersion was deposited on a surface of small 
glass disks (14 mm of diameter) and allowed to dry overnight at room temperature. AFM 
was performed in tapping mode using a Multimode AFM (Veeco Instruments, Santa 
Barbara, CA, USA) with a Nanoscope IVa control system (software version 6.14r1), 
equipped with silicon tapping probes (RTESP, Veeco) with a spring constant of 42 N/m and 
a resonance frequency of 300 KHz and a scan rate of 0.5 Hz. Both the topography and the 
phase signal images were recorded with a resolution of 512x512 data points. 
 Cell culture 
Human mammary adenocarcinoma cells, MCF-7 (ECACC) cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine 
serum (FBS), 2% L-glutamine, 1% penicillin/streptomycin (P/S) and incubated at 37°C and 
5% CO2. Human mammary epithelial cells, HMEpC (obtained from the European 
Collection of Cell Cultures, ECACC) were cultured using mammary epithelial cell medium 
(Innoprot), supplemented with 10% FBS, 1% P/S  as cultured medium at 37°C and 5% CO2.  
Human umbilical vein endothelial cells (HUVEC, kindly donated by the Institute of 
Pathology, Universitätsmedizin, Mainz, Germany) were isolated from umbilical cords and 
cultivated according to previously published methods
18
 involving passages in gelatin-coated 
tissue culture flasks and the use of M199 medium (Sigma-Aldrich) supplemented with 20% 
FBS (Life Technologies), 1% P/S, 1% glutamax I (Life Technologies) 25µg/mL heparin 
(Sigma-Aldrich), and 25 µg/mL endothelial cell growth supplement (Becon Dickinson).  
Human colon adenocarcinoma cells (WiDr, ECACC), and human osteosarcoma cells 
(MG-63, ECACC) were cultured in DMEM, supplemented with 10% FBS, 2% L-
glutamine, 1% P/S and incubated at 37°C and 5% CO2. 
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Hypopharynx carcinoma squamous cells (FaDu, ATCC) were cultured in Eagle’s 
Minimun Essential (MEM), supplemented with 10% FBS, 1% P/S, and incubated at 37°C 
and 5% CO2. 
 Uptake of coumarin-6 loaded NPs 
c6-loaded NPs obtained at 0.1 mg/mL were tested. HUVEC cells were seeded into 24 
well assay plates at 90,000
 
cells/mL in complete medium. The cells were incubated 
overnight at 37 ºC. Afterward, the medium was replaced with the corresponding NPs 
dispersed in PBS (500 µL of the NP suspension and 500 µL of completed medium) and 
incubated for 5 h at 37 ºC. When this time was elapsed, the cells were washed 3 times with 
cold PBS and fixed by a paraformaldehyde solution in PBS (3.7 w/v %) for 15 min at room 
temperature. Afterward, the cells were washed with cold PBS observed by Nikon Eclipse 
TE 2000-S Inverted Microscope System and by Confocal Laser Scanning Microscopy 
(CLSM) (Leica TCS-SP5 RS AOBS). 
 MTT assay 
Cell viability in the presence of different concentrations of NPs or TPGS (Sigma-
Aldrich; 1.00, 0.50, 0.25, 0.125, 0.062 mg/mL) was measured using MTT assay. Briefly, 
cells were seeded in 96-well plates at different densities: MCF-7 and WiDr at 60,000 
cells/mL (6,000 cells/well), MG-63 at 50,000 cells/mL (5,000 cells/well), FaDu at 25,000 
cells/mL (2,500 cells/well), and HMEpC at 100,000 cells/mL (10,000 cells/well). HUVEC 
were seeded at a density of 50,000 cells/mL (5,000 cells/well) in order to obtain 50% 
confluence or at 90,000 cells/mL (9,000 cells/well) to obtain cultures at 100% confluence.  
After 24 h of incubation, MCF-7 cells were also pretreated for 1 h with 750 nM 
MitoQ (kindly donated by Dr. M.P. Murphy) in order to assess the capacity of MitoQ
19
 to 
restore viability reduction produced by the most active NPs. 
Afterward, the medium was replaced with the corresponding NPs or TPGS dispersed 
in PBS (50 µL of the NP suspension and 50 µL of completed medium). The plates were 
incubated at 37°C in a humidified air with 5% CO2 for 24 h. A solution of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was prepared in warm PBS 
and filtered before use. MTT, 100 µL, was added to all wells to give a final concentration of 
0.05 mg/mL, and the plates were incubated at 37°C, 5% CO2 for 4 h. Excess medium and 
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MTT were removed, and 100 µL dimethyl sulfoxide (DMSO) was added to all wells in 
order to solubilize the MTT taken up by the cells. This was mixed for 10 min, and the 
absorbance was measured on a Biotek SYNERGY-HT plate reader, using a test wavelength 
of 570 nm and a reference wavelength of 630 nm. The results were normalized respect to 
the corresponding controls, and statistically tested with the analysis of variance (ANOVA) 
using p < 0.05 significance level.  
3.1.4. Results and discussion 
 Monomers 
Four methacrylic monomers were successfully synthesized in mild conditions 
yielding pure products after their purification. 
1
H-NMR spectra of these synthesized 
monomers are shown in figure 2. 
1
H-NMR spectra confirmed esterification of the starting 
material due to the presence of resonance signals of the protons of the methacrylic group 
(CH2-c and CH3-d). Additionally, CH2-5” and CH2-6” that appeared at 4.33 ppm in the 
spectrum of MTOS and SPHY evidenced the presence of succinate group in the functional 
domain of these monomers. Finally, it is noteworthy that the signals of the methyl groups 
attached to the aromatic ring (CH3-7’, CH3-8’, CH3-9’ between 1.90 and 2.15 ppm) were 
not present in the SPHY and MPHY due to the absence of the chromanol ring. 
 Copolymers characterization 
The four methacrylic monomers (MTOS, SPHY, MVE and SHY) were successfully 
polymerized with VP by free radical polymerization in order to obtain macromolecules with 
different hydrophilic-hydrophobic balance. The chemical structures of the different types of 
copolymers are illustrated in figure 3. In this sense, a series of copolymers of each family 
were prepared with different feed compositions, and labelled indicating the copolymer 
molar composition. As an example, poly(VP-co-MTOS) (89:11; i.e. 0.11 MTOS molar 
fraction in the copolymer) will be labelled as MTOS-11. Polymerization of the comonomers 
was confirmed using NMR spectroscopy by the disappearing of the signals of vinyl protons 
(CH2-c between 5.5 and 6.5 ppm), the appearance of the signals due to the methylene 
protons of the backbone chains (CH2-c’ and CH2-f’ between 1 and 1.88 ppm) and the 
broadening of the signals as a result of the macromolecular nature of the synthesized 
polymers (figures S1 and S2, see supporting information).  
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Figure 3: Chemical structure of (A)  poly(VP-co-MTOS) and  poly(VP-co-SPHY); (B) poly(VP-co-
MVE) and poly(VP-co-SPHY). 
Poly(VP-co-MTOS) vs poly(VP-co-SPHY) 
Figure S1 (see supporting information) shows the 
1
H-NMR spectra of MTOS-11 and 
SPHY-13.  The average copolymer composition was quantitatively determined from their 
corresponding 
1
H-NMR spectra by considering the signals between 3 and 4.5 ppm assigned 
to 3 protons of  VP (CH-e’, CH2-4’’’) and 4 protons of MTOS (CH2-5-6’’) or 6 protons of 
SPHY (CH2-1 and CH2-5-6’’) and the signal at 0.84 ppm , which is due to 12 protons of 
MTOS (CH3-16-19) or 15 protons of SPHY (CH3-16-20). 
Average copolymer composition and reaction yields for both copolymeric systems 
are collected in table 1. Results of molecular weights (Mn and Mw), dispersity index (Ð) and 
glass transition temperatures (Tg) of these polymers are also summarized. 
  In both copolymeric systems, the polymerization successfully occurred in the whole 
range of compositions. However, copolymer MTOS molar composition greatly differs from 
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MTOS feed molar composition, mainly due to the big differences on chemical reactivity of 
the monomers (see next section), and also because total yield of the polymerization was not 
reached. Specifically, yields were lower than 85 % in all copolymerizations and this effect 
was more pronounced in those copolymers with the lowest and highest content on MTOS 
(yields were lower than 70 % for MTOS-5 and MTOS-88). Copolymers based on SPHY 
presented almost complete conversions and, although reactivity ratios were quite different, 
the difference between feed and copolymer SPHY molar composition was less pronounced 
than poly(VP-co-MTOS) formulations.  
Average MW and dispersity of the copolymers increased with increasing content of 
MTOS and SPHY in the poly(VP-co-MTOS) and  poly(VP-co-SPHY) systems, 
respectively. Additionally, MW of copolymers was higher than 30 kDa for all compositions 
that is a crucial requirement to enhance their accumulation and extravasation to the tumor 
area due to the EPR effect when NPs are disaggregated. Moreover, polydispersity indexes 
were typical of a conventional radical polymerization process.  
All synthesized copolymers presented two glass transition temperatures confirming 
the microphase segregation and in good agreement with the different reactivities of the 
methacrylic monomers and VP. Tg1 correspond to the Tg of the segments rich in MTOS, 
although the Tg of polyMTOS could not be determined using the described experimental 
conditions but might be around 60 ºC that is Tg1 of MTOS-88, the copolymer with highest 
content  on MTOS. Tg2 correspond to the Tg of the segments rich in VP, as it is close to the 
polyVP Tg (172ºC). Tg2 decreased as a function of MTOS concentration in the copolymer, 
adopting values between both homopolymers indicating an additive contribution of the 
monomers to the flexibility of the macromolecular chains, however Tg1 varied randomly 
between 60 and 70 indicating an intermediate behavior between a plastifying effect of VP in 
the MTOS-rich segments and an additive contribution of the monomers to the flexibility of 
the macromolecular chains.  
Poly(VP-co-SPHY) system presented also microphase segregation as confirmed by 
two Tg in the thermograms (Tg1 due to SPHY-rich segments and Tg2 due to VP-rich 
segments). Tg1 and Tg2 adopted values between the Tg of the homopolymers, that is, Tg1 
increased as a function of VP concentration and Tg2 decreased as a function of SPHY 
concentration in the copolymer, indicating an additive contribution of the monomers to the 
flexibility of the macromolecular chains. 
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  Poly(VP-co-MVE) vs poly(VP-co-MPHY) 
1
H-NMR spectra of MVE-22 and MPHY-20 are shown in figure S2 (see supporting 
information). The average copolymer molar fractions are collected in table 2 and were 
quantitatively determined from their corresponding 
1
H-NMR spectra by considering the 
signals between 3 and 4.8 ppm assigned to 3 protons of VP (CH-e’, CH2-4’’’) and 2 protons 
in the case of MPHY (CH2-1) and the signal at 0.84 ppm, which is due to 12 protons of 
MVE (CH3-16-19) or 15 protons of SPHY (CH3-16-20). The corresponding reaction yields 
of the copolymerization reaction, molecular weights and Tg of these polymers were also 
described. 
Copolymer molar composition was significantly enriched in the methacrylic 
monomer and copolymerization reaction yield decreased with the content on MVE. 
Particularly, reaction yield decreases to less than 60% when MVE concentration was higher 
than 15%. Furthermore, copolymers with MVE content higher than 20% were not 
successfully obtained using these experimental conditions. In fact, the homopolymerization 
of MVE was not feasible. Although the reactivity of MVE in free radical polymerization is 
much higher than VP, the moiety of vitamin E of the MVE offers noticeable antioxidant 
character with the deactivation of free radicals, in a similar way to strong transfer agents. 
Poly(VP-co-MPHY) were effectively prepared in the whole range of compositions, 
including polyMPHY, and yields were higher in comparison to polymers based on MVE 
and, for that reason, feed and copolymer MPHY molar fractions were very similar.  
Average molecular weight and dispersity of the poly(VP-co-MVE) copolymers  
decreased with increasing the MVE content. Furthermore, the polydispersity indexes were 
relatively low for free radical polymerization reactions and decreased with increasing 
content of MVE, reaching values close to the unity which is characteristic of the controlled 
free radical polymerization with specific transfer agents, such as, reversible addition-
fragmentation chain transfer (RAFT) polymerization. However, poly(VP-co-MPHY) 
presented molecular weights and polydispersity indexes that increased with the MPHY 
content.  
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Table 1: Feed and copolymers molar fraction, yield of the copolymerization reaction, molecular 
weight, dispersity (Ð) and Tg of poly(VP-co-MTOS) and poly(VP-co-SPHY). Data obtained by 
1
H-

















PVP 0 0 85 35.0 14.2 2.2 ----  172.0 
MTOS-5 0.05 0.05 69 55.6 30.5 1.8 70.0 134.7 
MTOS-11 0.10 0.11 79 82.1 46.8 1.8 66.0 144.0 
MTOS-28 0.15 0.28 79 89.3 46.9 1.9 63.4 144.6 
MTOS-33 0.20 0.33 79 112.8 58.8 1.9 65.4 142.1 
MTOS-41 0.30 0.41 83 106.0 58.2 1.8 67.2 132.7 
MTOS-72 0.50 0.72 73 124.2 64.1 1.9 65.3 119.0 
MTOS-78 0.70 0.78 75 123.8 48 2.5 61.1 108.8 
MTOS-88 0.80 0.88 63 164.3 58.8 2.8 60.0 102.5 

















PVP 0 0 85 35 14.2 2.2 --- 172.0 
SPHY-2 0.05 0.02 70 35.5 17.8 1.9 60.7 91.3 
SPHY-13 0.10 0.13 91 82.2 40.2 2.0 61.3 88.4 
SPHY-24 0.15 0.24 88 71.2 35.6 2.0 47.9 74.4 
SPHY-21 0.20 0.21 78 85.0 37.0 2.2 43.6 72.8 
SPHY-56 0.50 0.56 77 110.9 43.6 2.5 23.9 73.8 
SPHY-84 0.80 0.84 80 195.5 69.6 2.8 12.9 68.9 
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Table 2: Feed and copolymers molar fraction, yield of the copolymerization reaction, molecular 
weights, dispersity (Ð), and Tg of poly(VP-co-MVE) and poly(VP-co-MPHY). Data obtained by 
1
H-

















PVP 0 0 85 35 14.2 2.2 --- 172.0 
MVE-8 0.05 0.08 74 18.4 11.8 1.8 57.3 168.8 
MVE-22 0.10 0.22 69 29.6 18.1 1.8 58.3 149.2 
MVE-40 0.15 0.40 59 29.3 18 1.9 78.5 143.5 

















PVP 0 0 85 35 14.2 2.2 --- 172.0 
MPHY-6 0.05 0.06 75 21.3 15.7 1.4 64.4 144.3 
MPHY-14 0.10 0.14 69 26.3 16.3 1.6 67.7 111.3 
MPHY-18 0.15 0.18 75 41.7 23.5 1.8 68.3 100.2 
MPHY-20 0.20 0.20 78 30.3 17.2 1.8 72.7 96.8 
MPHY-56 0.50 0.56 70 37.5 20.6 1.8 83.9 --- 
MPHY-92 0.80 0.92 72 51.7 21.1 2.4 --- --- 
PMPHY 1 1 52 46.2 21.1 2.2 --- --- 
 
These results support the idea that MVE partially deactivates or controls radical 
polymerization when is incorporated into the macromolecular chains, probably due to its 
inherent antioxidant character and delocalization of free radicals by conjugation of the 
methacrylic group with the high electron density of chromanol structure, as it was 
previously demonstrated
20
.  Additionally, this effect could be enhanced by the steric 
hindrance due the presence of the chromanol moiety that is very bulky and is close to the 
reactive methacrylic group during the polymerization.  
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The inhibition of radical polymerization did not occur in the case of polymers based 
on derivatives of dihydrophytol due the absence of the chromanol moiety. Furthermore, the 
structure of poly(VP-co-MTOS) formulations was characterized by the presence of 
succinate moiety between the methacrylic and chromanol groups that probably avoids the 
radical stabilization. 
As in the previously described systems, all synthesized copolymers presented two 
glass transition temperatures confirming the microphase segregation of incompatible 
domains. Tg1 correspond to the Tg of the segments rich in MVE, and Tg2 correspond to the 
Tg of the segments rich in VP as it is close to the polyVP Tg (172ºC). The presence of MVE 
units in the polyVP domains exerts a plastifying effect that increase its flexibility reducing 
Tg2 as a function of MVE concentration. In a similar way, the presence of VP units in the 
polyMVE domains exerts a plastifying effect that increase its flexibility reducing Tg1 as a 
function of VP concentration. These results are in good agreement with the big differences 
in reactivity ratios. Poly(VP-co-MPHY) system presented a similar behavior being Tg1 the 
Tg of the MPHY-rich segments and Tg2 the Tg of VP-rich segments. Tg of PMPHY could 
not be determined using the experimental conditions described in this paper. 
 Determination of reactivity ratios: microstructural analysis 
Reactivity ratios (r1 and r2) are important kinetic parameters that provide information 
about average composition and monomer sequence distribution in statistical copolymer 
systems. These properties directly affect to the microstructure of polymeric systems and 
therefore, to their capacity to spontaneously self-assembly in aqueous environment. 
Reactivity ratios were accurately determined by in situ 
1
H-NMR monitorization of the 
copolymerization reaction of the corresponding monomers by the analysis of  the 
instantaneous feed and instantaneous copolymer composition, as previously described by 
our group (figure S3, see supporting information)
17
. These data were fit to a solution of the 









(𝑟1 − 1)([𝑀1]/[𝑀2]) − 𝑟2 + 1





if [M1]/[M2] = x; [M10]/[M20] = x0; [M2]=y and [M20]=y0 
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1 − 𝑟2 + (𝑟1 − 1)𝑥




being Mi the molar concentration of monomer i, ri the reactivity ration of monomer i, 
and Mi0 the initial monomer concentration of monomer i. 
Reactivity ratios of the four copolymeric systems (figure 4) were in good agreement 
with those described in the literature for similar systems that involved the reaction of a 
methacrylic monomer and VP
21, 22
. Although poly(VP-co-MVE) system has been 
previously synthesized and characterized, reactivity ratios were not reported due to 
technical difficulties
15
. In situ 
1
H-NMR monitorization of the reaction allowed the accurate 













Figure 4: Composition diagrams of the four copolymeric systems. 
In all copolymeric systems, propagating species preferably added methacrylic 
monomers that presented a much higher reactivity than VP and, consequently, they were 
firstly consumed and VP was second added at the end of the copolymerization reaction. 
However, both MPHY and SPHY presented higher reactivity ratios when copolymerized 
with VP than MVE and MTOS respectively. This effect was probably due to the radical 
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stabilization by conjugation or steric hindrance with the chromanol aromatic in the 
signalling domain of MVE. Furthermore, MVE is a methacrylic derivative of vitamin E 
which has been described as a potent antioxidant. In fact, properties of synthesized 
polymers based on MVE demonstrated this effect of free radical stabilization with reduced 
Ð and inhibition of polymerization when MVE content was higher than 20 %, as previously 
described.  
In the case of MTOS, the chromanol group did not affect the properties of the 
polymers that exhibited typical characteristics of a free radical polymerization. On the one 
hand, the presence of a succinate group avoided the radical stabilization effect and, on the 
other hand, the steric hindrance due the presence of the chromanol moiety in its structure 
could reduce the reactivity of MTOS in comparison to SPHY during the copolymerization. 
The chemical and physical properties of copolymeric systems are strongly influenced 
by the distribution of the comonomeric units along the macromolecular chains. In this 
sense, the big difference between the reactivity ratios in all systems allowed the formation 
of compositional gradient amphiphilic macromolecules. Specifically, long sequences of the 
hydrophobic units were formed at the beginning of the reaction and only few hydrophilic 
VP units were incorporated at the end of the macromolecule before the copolymerization 
reaction stopped. Even though the obtained macromolecules were not homogeneous but a 
mixture of macromolecules with a compositional gradient, the amphiphilic microstructure 
of these copolymers allowed the formation of surfactant-free NPs by spontaneous self-
assembling in aqueous media, as will be demonstrated in the next section. 
 NP characterization 
Well-defined NPs were obtained in aqueous media by nanoprecipitation
23
. Polymeric 
micelles arranged by a self-assembling process where the rich hydrophobic segments of the 
macromolecule were organized in the core of the micelles stabilized through inter- and 
intramolecular hydrophobic interactions and the hydrophilic domains of the macromolecule 
(rich in VP) are exposed in the shell. Results of hydrodynamic diameter (Dh, by intensity) 
and polydispersity index (PDI) obtained by Dynamic Light Scattering are summarized in 
table 3. NPs were labelled as the copolymers that were used in their preparation.  
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Table 3: Hydrodynamic diameter (Dh) and polydispersity indexes (PDI) of NPs based on (A) 
poly(VP-co-MVE),  poly(VP-co-MPHY) and (B) poly(VP-co-MTOS), poly(VP-co-SPHY), 
measured by Dynamic Light Scattering. 
 (A)                                                               (B) 
 
 
All distributions were unimodal and the hydrodynamic diameter of NPs ranged 
between 96 and 220 nm, which can be considered appropriate for their application as drug 
delivery systems for cancer treatment, because NPs with sizes lower than 100 nm can be 
easily eliminated by RES system with a short blood residence time and a low rate of 
extravasation into permeable tissues, and NPs with Dh higher than 200 nm have difficulties 
to be endocyted by the cells. Additionally, this range of sizes has been described as 
optimum to favor EPR effect
24-26
. Furthermore, PDI values were low in all cases, indicating 
a good stability in aqueous media. 
The formation of stable NPs was only feasible in those formulations with VP content 
higher than 28 %. When the concentration of hydrophilic monomer was lower than this 
percentage, the polydispersity indexes increased significantly and the precipitation of 
copolymers was observed in the aqueous medium. This phenomenon is probably due the 
unsuitable hydrophilic – hydrophobic balance in the polymeric chains that avoids the 
spontaneous self-assembly in aqueous media. 
NP sample Dh (nm) PDI 
MTOS-5 106.6 ± 8.7 0.138 ± 0.022 
MTOS-11 134.3 ± 9.2 0.128 ± 0.026 
MTOS-28 136.2 ± 12.7 0.132 ± 0.058 
MTOS-33 140.4 ± 5.1 0.126 ± 0.036 
MTOS-41 164.9 ± 7.9 0.192 ± 0.058 
MTOS-72 220 ± 17.5 0.208 ± 0.099 
SPHY-2 80.4 ± 0.5 0.135 ± 0.013 
SPHY-13 131.7 ± 6.5 0.159 ± 0.057 
SPHY-24 133.9 ± 18.9 0.116 ± 0.024 
SPHY-21 152.0 ± 5.4 0.112 ± 0.025 
NP sample Dh (nm) PDI 
MVE-8 96.9 ± 1.6 0.113 ± 0.048 
MVE-22 138.2 ± 7.0 0.137 ± 0.020 
MVE-40 154.1 ± 9.5 0.135 ± 0.014 
MVE-56 197.7 ± 12.9 0.226 ± 0.017 
MPHY-6 158.3 ± 14.2 0.189 ± 0.058 
MPHY-14 145.4 ± 5.6 0.100 ± 0.014 
MPHY-18 132.8 ± 7.6 0.203 ± 0.045 
MPHY-20 113.5 ± 8.1 0.159 ± 0.023 
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Size and polydispersity indexes of nanoaggregates based on methacrylic derivatives 
of α-TOS and vitamin E (MTOS/MVE), increased with decreasing VP content (figure S4, 
see supporting information) indicating that the longer the hydrophilic segment that form the 
shell, the higher the stability of the NPs.  
NP diameter varied also with other nanoprecipitation conditions, such as the 
concentration of copolymers in aqueous media. As an example, data from MTOS-bearing 
copolymers are shown in table S1 (see supporting information).  NP diameter increased not 
only with the content of MTOS in the polymeric chains, but also with the concentration of 
the copolymer in the organic phase. However, this effect was less significant in those 
formulations with lower MTOS content (MTOS-5 and MTOS-41) that presented a constant 
size over a critical concentration (around 0.10 mg/mL). 
Therefore, size and morphology of the particles could be modulated by controlling 
the molar composition of the copolymers and the concentration of NPs in the aqueous 
media. This is especially relevant for the effective targeting and delivery into tumor tissues.  
Consequently, the biological properties and the therapeutic action of these polymeric 












Figure 5: (A) SEM, (B) TEM and (C) AFM micrographs of MTOS-72 NP dried from aqueous 
solution at room temperature. (D) Fluorescence micrographs of endothelial cells (HUVEC) in culture 
where c6-loaded MTOS-33 NP were added. Images were registered after 5 hours.  
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SEM, TEM and AFM analysis were performed in order to characterize the NP 
morphology. As an example, figure 5 displays the SEM (A), TEM (B), and AFM (C) 
micrographs of MTOS-72 NP after drying the aqueous suspension at room temperature. 
These copolymers with appropriate hydrophilic/hydrophobic balance formed stable and 
spherical NPs. According to the MW of the polymeric systems and the size of the micelles, 
NPs are probably based on multimicellar aggregates 
 Coumarin-6 encapsulation  
Nanospheres were able to encapsulate c6 that was simultaneously used as fluorescent 
probe and as a model of hydrophobic molecule. These fluorescent NPs were used to 
visualize the cellular uptake process when added to a HUVEC cell culture. NPs were 
observed under the confocal microscope, after 5 h of incubation. Figure 5D shows that 
green fluorescent c6-loaded NPs were located inside the cells around the nucleus. NPs were 
probably uptaken by endocytosis according to the size of these nanoaggregates.  These 
results demonstrated that NPs were able to efficiently encapsulate hydrophobic molecules 
and could serve as nanovehicles for other hydrophobic chemotherapeutic drugs that are 
highly toxic and difficult to administer. 
 Biological activity 
Breast epithelial cells (HMEpC) vs. Human Breast Adenocarcinoma cells (MCF7) 
In vitro biological activity of polymeric NPs was evaluated using human breast 
adenocarcinoma (MCF-7) and noncancerous human mammary epithelial cells (HMEpC) 
cells in order to determine if the therapeutic action of self-assembled NPs has an optimal 
selectivity towards cancer cells. Particularly, cell viability studies were assessed by MTT 
assay that measures the mitochondrial metabolic function of cells based on the ability of the 
mitochondrial enzyme succinate dehydrogenase to metabolize MTT into formazan, a 
reaction that takes place only in living cells
29-31
.  
Figure 6A shows that relative MCF7 viability decreased in a dose-dependent manner 
when MTOS-bearing NPs were added to the cell culture. Particularly, cell viability was 
reduced below 40 % in those formulations with relatively low MTOS content (MTOS-5 and 
MTOS-11 NP) at NP concentrations higher than 0.5 mg/ml. In fact, the cytotoxicity of these 
NPs was strongly influenced by the MTOS content in the copolymeric system. The 
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anticancer activity of these NPs was significantly reduced when the MTOS content in the 
copolymer was higher than 33%. These formulations probably are stabilized by the long 
hydrophobic sequences and subsequently the limited bioavailability, and the accessibility to 



























Figure 6:  Relative cell viability of MCF7 as a function of (A) poly(VP-co-MTOS) and (B) 
poly(VP-co-MVE) NP concentration. The diagrams include the mean, the standard deviation (n=8) , 
and the ANOVA results at a significance level of *: p < 0.05. 
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Different research studies showed that the methylation of the free succinyl carboxyl 
group on α-TOS completely prevented its anticancer activity as proapoptotic agent
35
. 
However, the biological activity of MTOS-bearing NP evidence that the anticancer activity 
of this drug is maintained in spite of the esterification of the free carboxyl group on the 
succinyl moiety. Additionally, different researches have also modified this free carboxyl 
group by the conjugation of PEG, improving the solubility and apoptotic activity of α-TOS 
36
, or even other chemotherapeutic drugs, such as doxorubicin (DOX) through an amide 
bond
37
 to form a water soluble prodrug.  Youk et al. proposed that those modifications in 
the functional domain of α-TOS that increase its solubility in aqueous media may contribute 
positively to improve its therapeutic activity. However, modifications that enhanced the 
lipophilicity of α-TOS could have the opposite effect, reducing its apoptotic activity
36
.    
Cell viability in the presence of MVE-based NP also was studied in order to 
determine the effect of eliminating the succinate group (functional domain) from MTOS as 
shown in figure 6B. Unexpectedly, MVE-bearing NP were also active in a dose-dependent 
manner, in spite of the modification of the functional domain (succinate group of α-TOS is 
substituted by methacrylate residue, see figures 2 and 3). Moreover, these results indicate 
that the active molecule does not have to be released to induce its activity as free vitamin E 
(-tocopherol) has not anticancer activity. Therefore, the esterification of the hydroxyl 
group in the functional moiety of vitamin E promotes the anticancer activity of NPs based 
on MVE. In fact, it is well known that vitamin E and its derivatives as tocotrienols are 
important antioxidants that do not exert apoptosis of tumor cells. However, their 
esterification made them proapoptotic. For that reason, most researchers have introduced 
different structural modifications within the functional moiety of vitamin E derivatives with 
the aim to evaluate their influence in the anticancer activity of these compounds. In fact, the 
nature of esterification is crucial in the therapeutic action of vitamin E derivatives
38
. For 
instance, the incorporation of esters with high number of carbons disfavored the biological 
activity of vitamin E, however, the esterification with unsaturated dicarboxylic acids 
enhanced their therapeutic activity with more proapoptoctic activity than even α-TOS
39
. 




Viability results of MVE bearing NPs could also indicate that the functional domain 
is not the main responsible of the anticancer and antiapoptotic activity of α-TOS-based 
polymeric drugs. The presence of the signalling domain (chromanol ring) in the structure of 
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MVE has an essential function in the anticancer activity of the self-assembled 
nanoaggregates. Neuzil et al. described different functions of this domain that specifically 
regulates certain signalling pathways, such as the protein phosphatase-2A (PP2A)/protein 
kinase C (PKC) pathway 
39
. In fact, the inhibition of PKC by increasing the PP2A activity is 
directly related to the proapoptotic activity of vitamin E derivatives. Specifically, this 
inhibition has a direct effect at mitochondrial level because the function of antiapoptotic 
proteins bcl-2 is regulated by its phosphorylation via PKC/PP2A 
41
. In summary, the 
signaling domain of MVE could be responsible for the inactivation of PKC which is crucial 
for the phosphorylation of bcl-2 proteins, resulting in the activation of caspases that causes 
cell death. Additionally, Neuzil et al. also demonstrated that structural modifications of 
signaling domains of vitamin E derivatives directly affected the anticancer activity of these 
compounds, specifically when the number and position of methyl substitutions on the 
aromatic ring were varied. For example, biological activity of β-, γ- and δ- tocopheryl 
succinate was compared and significant differences were found due to their different 
efficacy to inhibit PKC. Particularly, the less apoptotic compound was δ-tocopheryl 
succinate, although all of them exhibited apoptotic activity against cancer cells
39
.   
MTOS-11 and MVE-22 NP were chosen for further experiments because were the 
most active of all synthesized copolymers. In both cases, the hydrophilic and hydrophobic 
balance of macromolecular chains in the structure of these copolymers favored the 
formation of NPs with excellent physicochemical properties and anticancer activity. One of 
the most important disadvantages of actual cancer treatments is their nonselectivity against 
cancer cells that causes important side effects in patients 
34, 42, 43
. Therefore, the evaluation 
of the cytotoxicity of these formulations against analogous breast nonmalignant cells 
(HMEpC) was performed (figure 7A and 7B). 
Cell viability of nonmalignant cells was close to 100 % for all concentrations of 
polymeric NPs.  According to the standard ISO 10993-5:2009, biocompatibility is only 
compromised when cell viability decreased by 30 % and, therefore, MTOS and MVE 
bearing-NPs significantly affect the mitochondrial activity of tumor cells, without 
compromising this activity in noncancerous cells. Particularly, the selectivity towards 
cancer cells improved with the increment of polymer concentration in aqueous media. In 
fact, the optimal range of concentrations to maximize this selectivity was in the range of 
0.125 – 0.5 mg/mL.   
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Figure 7: Comparison HMEpC (squares) and MCF7 (circles) cell viabilities of (A) MTOS-11 NP; 
(B) MVE-22 NP; (C) SPHY-13 NP and (D) MPHY-20 NP at different polymer concentrations with 
respect to control. The curves include the mean, the standard deviation (n=8), and the ANOVA 
results at a significance level of *: p < 0.05. 
The mechanism of selectivity of polymeric formulations based on α-TOS towards 
cancer cells is not well-known nowadays. However, different authors have investigated 
diverse hypothesis to explain this behavior. Dong et al. stated that nonmalignant cells 
generate lower levels of ROS in response to α-TOS-treatment, mainly by differences in the 
cellular mechanisms that produce the generation of radicals
44
. Moreover, cancer cells 
express lower levels of antioxidant enzymes, such as manganese superoxide dismutase 
(MnSOD) than normal cells. These antioxidant enzymes prevent the accumulation of ROS 
species that are responsible for the activation of the proteins that regulate the mitochondrial 
permeabilization and trigger apoptosis.  
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Finally, the PKC activity has been associated with more proliferative and aggressive 
tumor cells in comparison to noncancerous cells, affecting not only in early carcinogenesis 
but also in cancer progression 
45
. It is well-known that PKC is implicated in the regulation 
of a wide range of cellular functions such as proliferation, differentiation and apoptosis. 
Also, PKC activity has been associated with the enhancement of motility and invasion of 
cancer cells 
46
. The enhancement of malignant phenotype of tumor could be associated with 
the activation of selective PKC isoenzymes in comparison to nonmalignant tissues. This 
behavior has been demonstrated in different cancer cell lines, including MCF-7
47
. Due to 
the importance of PKC in cancer formation and progression, various PKC inhibitors have 
been developed for the cancer treatment. As previously mentioned, the antiapoptotic 
activity of α-TOS has been related to the inhibition of PKC by increasing the PP2A activity 
that blocks the antiapoptotic actions of bcl-2 proteins
48
.  
The biological activity of self-assembled NPs based on dihydrophytol derivatives 
was also analyzed: SPHY that presented no signalling domain, and MPHY that is 
characterized by the absence of both, the functional and signalling domains. Breast 
epithelial and adenocarcinoma cell viabilities of SPHY (C) and MPHY (D)-bearing NPs are 
shown in figure 7. In both types of self-assembled nanoaggregates, HMEpC (nonmalignant 
cells) viabilities were very close to 100 % for all NP concentrations. Furthermore, the same 
experiments with MCF-7 (human breast adenocarcinoma) showed that cell viabilities were 
over 70 % for all compositions and NP concentrations. Therefore, it is possible to conclude 
that NPs based on methacrylic derivatives of dihydrophytol do not present anticancer 
activity, probably due to the absence of signalling group in the case of SPHY and also 
functional group for MPHY-bearing polymeric systems. Additionally, the absence of 
anticancer activity of NPs based on SPHY, which maintains the functional domain with no 
chromanol ring in their structure, confirms the importance of this signalling domain in the 
mechanism of action of these NP. 
TPGS toxicity and selectivity  
Selectivity of these NPs against tumor cells was significantly higher if compared to 
the effect of α-tocopheryl polyethylene glycol 1000 succinate (TPGS1000), the most 
commonly used water soluble derivative of α-TOS 
6, 7, 49-51
. Figure S5 (see supporting 
information) shows that MTOS-11 NP did not affect the viability of noncancerous breast 
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epithelial cells in the range of the assayed concentrations; however, TPGS was intensively 
toxic for all tested concentrations. 
Therefore, TPGS facilitates the administration of α-TOS, however this formulation is 
strongly toxic against nonmalignant cells, probably due to its surfactant properties. In fact, 
TPGS is commonly used as solubilizer, emulsifier and stabilizer of poorly soluble drugs, 
even in different commercial products because its use as a pharmaceutic adjuvant was 
approved by FDA.  In conclusion, MVE and MTOS-bearing NPs are excellent candidates to 
develop selective anticancer nanomedicines because improve aqueous solubility and 
physiological administration of α-TOS, without compromising the viability of noncancerous 
cells.  
Effect of MitoQ on cell viability 
Cell viability of MitoQ pretreated or non-treated MCF-7 cells in the presence of 
different concentrations of NPs was studied in order to check the mechanism of action of 
the synthesized copolymeric NPs and to know if their anticancer activity is directly related 
to the accumulation of high levels of ROS and oxidative damage as -TOS. Specifically, -
TOS has been reported as a competitive inhibitor of succinate dehydrogenase (SDH, 
complex II) by displacing ubiquinone (coenzyme Q) from binding to complex II in the 
cancer cell mitochondria. Electrons travelling through the electron transport chain 
accumulate and recombine with molecular oxygen producing high levels of ROS that 
trigger apoptosis
5, 52
. Murphy et al. developed MitoQ, a mitochondria targeted antioxidant 
that accumulate in this organelle and interact with complex II. It protects from oxidative 
damage by reducing ROS levels and therefore can be used to check if apoptosis was 
triggered by this mechanism
19
. In this sense, Dong et al. demonstrated that the pre-
incubation of cells with MitoQ blocks the action of α-TOS in the complex II by targeting 
the UbQ-binding sites. This effect prevents the cellular death by apoptosis and restores the 
α-TOS cytotoxicity against cancer cells 
53
. 
Figure 8 shows that cell viability of -TOS treated cells was significantly reduced in 
the presence of MitoQ and cell viability of mitoQ pre-treated cells was significantly higher. 
In both types of NPs, cell viabilities were higher than 70 % after the treatment with mitoQ. 
However, mitoQ effect was not observed at concentrations of MTOS-11 NPs higher than 
0.5 mg/mL due to its higher activity (figure 8B).  These results strongly suggest that self-
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assembled NPs with MTOS and MVE in their structure have a potent anticancer activity by 
interfering directly on the mitochondrial function of tumor cells and probably, targeting 
ubiquinone binding sites of complex II. In the case of NPs based on MTOS, the 
modification of succinate group of α-TOS did not prevent its anticancer activity, 
maintaining the same mechanism of action. In the same manner, the esterification of free 
hydroxyl group of vitamin E in MVE-bearing NPs could be responsible to their anticancer 
activity with the mechanism described by α-TOS. As it has been mentioned before, the 
active molecule is not released to induce cell death through this mechanism because vitamin 







Figure 8: Influence of the mitoQ pretreatment in the breast cancer cell viability of most active 
MTOS (A) and MVE (B) bearing NPs. The diagrams include the mean, the standard deviation (n=8) , 
and the ANOVA results at a significance level of:  *: p < 0.05. 
Activity of MTOS-bearing nanoparticles against different tumor cell lines 
The biological activity of most active MTOS-bearing NPs was also tested against 
different tumor cell lines. Particularly, hypopharynx squamous cell carcinoma (Fadu), colon 
adenocarcinoma cells (WirD), and osteosarcoma cells (MG63) were also considered in 
order to compare the efficacy of NPs based in MTOS, including the previous results against 
breast cancer cells. Results of different cancer cell viabilities after the treatment with 
MTOS-11 NP at 1mg/mL are shown in figure 9. NPs based on MTOS were active against 
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breast cancer cells (MCF), pharynx cancer cells (FaDu) and colon cancer cells (WirD) with 
little harm to osteosarcoma cells (MG63). Additionally, NPs activity was higher in breast 
cancer cells (cell viability was decreased below 26 %) in comparison to pharynx and colon 
cancer cells (viabilities were reduced to 56 and 69 %, respectively). These differences of NP 
activity against diverse tumor cells could be related with the energetic footprint of the cells 
54-56







Figure 9: Relative cell viability of MTOS-11 NP against different tumor cell lines at 1 mg/mL in 
aqueous media. The curves include the mean,  the standard deviation (n=8), and the ANOVA results 
at a significance level of *: p < 0.05. 
Many cancers have something in common: their mitochondria are altered, and 
therefore, the energetic metabolism of cancer cells differs from that of normal cells. 
Specifically, Otto Warburg proposed the hypothesis that the mitochondrial alteration of 
cancer cells would result in the elevated rate of glycolysis that is a common characteristic of 
tumors. However, the grade of mitochondrial dysfunction significantly differs from one 
type of cancer to another. Particularly, the bioenergetic cellular index (BEC) is an effective 
tool that considers the expression level of a bioenergetic marker of mitochondria relative to 
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In fact, by mid 1980s, the National Cancer Institute selected 60 cell lines human 
derived from 9 different tumor types (breast, central nervous system, colon, blood cells, 
lung, melanoma, ovarian, prostate and kidney) that defined the panel NCI-60 cancer cells 
that have been used as very important tool to develop new drugs and therapies in cancer
58
. 
Cuezva et al. completely characterized the bioenergetic signature (BEC) of these different 
cell lines of the NCI-60 panel. According to this research, breast cancer cell lines, including 
MCF-7 cells, are characterized by the lowest levels of BEC index and the highest glycolytic 
metabolism in comparison to other cancer cell lines. These findings could explained the 
higher anticancer efficacy of MTOS-bearing NPs against MCF-7 cells and therefore, the 
existence of a relationship between the anticancer activity of vitamin E- based NPs and the 
energetic metabolism of cancer cells. 
Proliferating Human Umbilical Vein Endothelial cells (HUVEC at 50% confluency) vs. 
quiescent HUVEC cells (100% confluency) 
Angiogenesis is a key process in the development of solid tumors as a dense 
vasculature is required in order to supply nutrients to the cancerous tissue over 1-2 mm
3,59
. 
The inhibition of angiogenesis in tumors inhibited tumor growth, decreased tumor mass, 
and induced tumor regression. Therefore, a wide range of neoplastic pathologies can be 
controlled if angiogenic endothelial cell growth is inhibited. α-TOS has demonstrated anti-
angiogenic activity as described by Dong et al. in preclinical breast cancer studies
44
 and 
suggested that this effect could be due to a potential up-regulation of the antioxidant 
systems in the arrested endothelial cells that prevent the accumulation of ROS and the 
induction of apoptosis by the action of enzymes, such as manganese superoxide dismutase 
(MnSOD).  
The antiangiogenic activity of the synthesized NPs was studied in quiescent (100% 
confluency, figure 10, squares) and proliferating endothelial cells (50% confluency, figure 
10, triangles). Both MTOS and MVE-based polymers reduced cell viability of proliferating 
endothelial cells with little or no harm to quiescent endothelial cells. An effect of the 
copolymer composition (MTOS or MVE concentration in the copolymeric chains) on cell 
viability of endothelial cells cultured at a particular confluency was not observed. However, 
cell viability decreased drastically when NPs were added to proliferating endothelial cells 
(around 40% when NP concentration was 0.5 mg/mL). 
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Figure 10: Relative cell viability of proliferating HUVEC at 50% confluency or quiescent HUVEC 
at 100% confluency in the presence of  different concentrations of (A) MTOS-11 and MTOS-33 NP; 
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(B) MVE-40 and MVE-56 or (C) TPGS. The curves include the mean,  the standard deviation (n=8), 
and the ANOVA results for each NP at a significance level of:  *: p < 0.05. 
TPGS did not present selective activity against proliferanting endothelial cells but 
resulted toxic for proliferating and quiescent endothelial cells in the whole range of assayed 
concentrations. 
3.1.5.  Conclusions 
Four copolymeric systems have been synthesized and characterized in order to study 
the structure-activity relationship of MTOS-based amphiphilic copolymers. The big 
differences between the reactivity ratios in the free radical polymerization of the used 
comonomers (VP and a methacrylic monomer: MTOS, MVE, SPHY and MPHY) provided 
amphiphilic macromolecules that allowed the formation of self-assembling NPs with 
appropriate morphology to be internalized by cells. Not only MTOS-based NP, but also 
MVE-based NP presented a selective anticancer and antiangiogenic biological activity, as 
the NP reduced cell viability of cancer cells while nonmalignant cells tolerated the same 
dose of NPs, and NPs reduced cell viability of proliferating endothelial cells with little or no 
harm to quiescent endothelial cells. MTOS and MVE-based NP inhibit succinate 
deshydrogenase (complex II) by targeting UbQ-binding sites in the cancer mitochondria. 
Moreover, our experiments demonstrated that the active molecule (α-TOS or vitamin E) do 
not have to be released from the macromolecules to trigger the biological action, as vitamin 
E do not have pro-apoptotic activity, but the NPs do. The NPs were able to encapsulate 
coumarin-6 (fluorescent probe and hydrophobic molecule) and the resulting fluorescent NP 
were stable and endocyted by the cells. Therefore, the polymers can be considered 
polymeric drugs that self-assembled forming spherical NP with triple activity: anti-cancer, 
antiangiogenic and vehicle of other hydrophobic molecules.  
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Figure S3: Acrylic region in the 1H NMR spectra at different reaction times for the copolymerization 
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Figure S4: Effect of the molar composition of MTOS copolymers on the hydrodynamic diameter of 







Figure S5: Relative cell viability of HMEpC as a function of TPGS (circles) or MTOS-11 (squares) 
NP at different concentrations in aqueous media. The curves include the mean, the standard deviation 
(n=8) and the ANOVA results for each preparation with respect to control at a significance level of  
*: p < 0.05. 
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Table S1: Effect of concentration of the NPs based on poly(VP-co-MTOS) on the hydrodynamic 














MTOS-5 MTOS-41 MTOS-72 
Dh (nm) PDI Dh (nm) PDI Dh (nm) PDI 
0.05 91.5 ± 0.9 0.107 ± 0.007 124.1 ± 1.5 0.062 ± 0.007 138.6 ± 2.3 0.107 ± 0.007 
0.10 112.0 ± 7.8 0.112 ± 0.011 132.3 ± 4.7 0.071 ± 0.004 169.1 ± 13.7 0.112 ± 0.011 
0.25 113.9 ± 2.1 0.109 ± 0.001 140.7 ± 2.0 0.068 ± 0.019 177.7 ± 7.1 0.109 ± 0.001 
0.50 109.5 ± 6.5 0.136 ± 0.028 142.0 ± 3.3 0.076 ± 0.011 201.9 ± 2.2 0.136 ± 0.028 
0.80 122.0 ± 5.7 0.122 ± 0.016 145.3 ± 10.0 0.067 ± 0.011 210.3 ± 2.8 0.122 ± 0.016 
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 Improvement  of efficacy
 Synergistic effect










Active nanovehicle α-TOS α-TOS-loaded NP
3.2. Mitochondrially targeted nanoparticles based on α-TOS for the 
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3.2.1. Abstract  
The aim of this work is the preparation of an active nanovehicle for the effective 
administration of α-tocopheryl succinate (α-TOS). α-TOS is loaded in the core of 
nanoparticles (NPs) based on amphiphilic pseudoblock copolymers of N-vinyl pyrrolidone 
and a methacrylic derivative of α-TOS. These well-defined spherical NPs have sizes below 
165 nm and high encapsulation efficiencies. In vitro activity of NPs is tested in 
hypopharynx squamous carcinoma (FaDu) cells and nonmalignant epithelial cells, 
demonstrating that the presence of additional α-TOS significantly enhances its anti-
proliferative activity; however, a range of selective concentrations is observed. These NPs 
induce apoptosis of FaDu cells by activating the mitochondria death pathway (via caspase-
9). Both loaded and unloaded NPs act via complex II and produce high levels of reactive 
oxygen species that trigger apoptosis. Additionally, these NPs effectively suppress the 
vascular endothelial growth factor (VEGF) expression of human umbilical vein endothelial 
cells (HUVECs).These results open the possibility to use this promising nanoformulation as 
an α-TOS delivery system for the effective cancer treatment, effectively resolving the 
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3.2.2. Introduction 
Head and Neck Squamous Cell Carcinoma (HNSCC)  is the sixth highest incidence 
worldwide cancer
[1]
, constituting the 6.5% of all tumors
[2]
 , with more than 600,000 new 
cases each year
[3, 4]
. Currently, the therapeutic approach of these tumors is the surgery when 
the tumor is resectable that is followed or combined with radiotherapy or 
chemoradiotherapy
[5, 6]
. However, the adverse effects of these therapies are multiple, 
including mucositis, dermatitis and dysphagia among others
[6, 7]
. 
In light of this data, the development of new treatments more effective, less toxic and 
aggressive has become a priority. An interesting strategy is the development of selective 
drug delivery systems that specifically target the tumor tissue
[8, 9]
. Nanocarriers based on 
polymer drugs have emerged as a good choice to enhance drug solubility, adjust drug 
pharmacokinetics and target organs, cells, or even organelles of a specific cell
[10, 11]
. 
Moreover, nanocarriers offer the possibility of loading multiple drugs which could present a 
synergistic effect. In addition, one of the main advantages of using macromolecular systems 
or nanoparticles (NPs) as drug delivery systems of anticancer compounds is that they 
present enhanced permeation and retention effect (EPR effect), that is responsible of the 
passive targeting of the tumor
[12-14]
.  
The aim of selective anticancer treatments is to effectively target the differences 
between cancer and nonmalignant cells
[15, 16]
.  Normal cells metabolism is mostly based on 
the process of mitochondrial oxidative phosphorylation, while cancer cells 
metabolism/survival depends mostly on glycolysis. This altered energy dependency is 
known as the “Warburg effect” and is a hallmark of cancer cells 
[17-19]
.Therefore, drugs that 
directly act on the mitochondrial differences could represent the future of cancer treatments 
[16, 18, 20]
. One of the most important advantages of these agents is that can exert their 
therapeutic action with independence of the upstream signalling cascades that potentially 
could acquire resistances using typical chemotherapeutics
[21]
.  
α-TOS is a “mitochondrially targeted anticancer compounds” or “mitocans” that acts 
as a competitive inhibitor of succinate dehydrogenase (SDH, complex II) by displacing 
ubiquinone (coenzyme Q) from binding to complex II in the cancer cell mitochondria
[22-24]
. 
As a result, accumulated electrons react with molecular oxygen and give rise to high 
concentrations of reactive oxygen species (ROS) that trigger apoptosis (mitocan type V)
[25]
.  
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In this sense, complex II has been recently described as an important sensor for intrinsic 
apoptosis induction
[26, 27]
. Furthermore, α-TOS has also been described as a mitocan type II 
because it is considered a BH3 protein mimetic that blocks Bcl-2 or Bcl-xL antiapoptotic 
proteins 
[22, 28, 29]
. This cell death mechanism has been demonstrated by different authors in 
a wide variety of cancer cells
[30]
. 
The main obstacle for the successful application of α-TOS-based clinical treatments 
is the hydrophobic nature of this drug that significantly reduces its bioavailability and 
therapeutic activity. In fact, the solubilization of α-TOS in an organic phase or oil emulsion, 
such as dimethyl sulfoxide (DMSO) or corn oil, is the most common methodology to 
perform in vitro and in vivo cancer studies.  Particularly, this procedure can cause important 
side effects after the intravenous or intraperitoneal administration of α-TOS, such as the 
formation of aggregates as a result of drug mixing with blood plasma, inflammation and 
embolization processes
[31]
. In order to avoid these side effects, -TOS has been PEGylated 
being -TOS-PEG1000 (TPGS) the most common conjugate used in drug delivery as 
adjuvant due to its potent emulsification effect. However, the low concentration of the drug 
in the conjugate (only one molecule of -TOS/PEG1000), the lack of its selectivity against 
cancer cells due to its high toxicity, and its associated side effects prevent the tangible 
application of TPGS formulations
[32, 33]
. Additionally, Koudelka et at.  have described the 
preparation of liposomal formulations of vitamin E analogues based on phosphatidylcholine 
or phosphatidylethanolamine with good results
[31, 34]
. Particularly, -TOS formed stable 
nanovesicles with phosphatidylcholine that presented an improved in vivo activity due to its 




 However, the encapsulation of α-TOS into an appropriate polymeric nanovehicle has 
not been described in the literature, and therefore the aim of this work is to encapsulate -
TOS in self-assembled polymeric NPs based on a methacrylic derivative of -TOS (MTOS) 
recently described by our group 
[36]
. These surfactant-free polymeric NPs were obtained by 
self-assembling of amphiphilic copolymeric drugs.  The hydrophilic segment of the 
copolymers was based on N-vinyl pyrrolidone (VP) and the hydrophobic segment 
incorporated MTOS (figure 1). NPs were uptaken by cells and selectively reduced cell 
viability of tumor  (MCF-7, FaDu, WiDr) and proliferating endothelial cells with little or no 
harm to nonmalignant (HMEpC) or quiescent cells 
[37]
. The copolymers were active 
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(polymer drugs), and the active principle (-TOS) did not have to be released to exert its 
anticancer and antiangiogenic activity with higher selectivity than TPGS
[36]
.  However, 
these NPs did not present a potent activity against FaDu cells (cell viability was reduced to 
56% after 24 hours). For that reason, the aim of this work was to improve the biological 
activity of these NPs by the incorporation of additional -TOS in their hydrophobic inner 
core. The chemical composition of the amphiphilic copolymers and the self-assembling 
organization will favored -TOS encapsulation due to the structural similarity between α-
TOS and MTOS. NPs were exhaustively characterized and the anticancer activity of these 
nanoassemblies was evaluated against hypopharyngeal adenocarcinoma cells (FaDu) cells, 
studying the mechanism of action of unloaded and α-TOS-loaded NPs and demonstrating 














Figure 1: Scheme of the formation and the structure of surfactant-free NPs based on amphiphilic 
copolymeric drugs of VP and α-TOS. 
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3.2.3. Materials and methods 
 Synthesis of the copolymer 
The methacrylic derivative of α-TOS (MTOS) and poly(VP-co-MTOS) with a 
copolymer molar composition of VP:MTOS 89:11 (from now on MTOS-11) were 
synthesized as recently described by our group
[36]
. Briefly, the copolymer was obtained by 
free radical polymerization of both VP and MTOS in 1,4-dioxane (monomer concentration, 
0.25 M), using AIBN (1.5×10
-2 
M) as radical initiator, at 60ºC for 24 hours. MTOS-11 was 
purified by dialysis against distilled water for 72 h, and isolated by freeze-drying.  
 Synthesis and characterization of NPs 
Self-assembled NPs were prepared by nanoprecipitation as previously described
[36, 
38]
. Briefly, MTOS-11 was dissolved in 1,4-dioxane (10 mg/mL) and then added drop by 
drop over an aqueous phase (PBS, 0.01 M, pH 7.4) under constant magnetic stirring to 
obtain a final polymer concentration of 2 mg/mL. After the nanoprecipitation, milky NP 
dispersions were dialyzed against PBS during 72 h in order to remove organic solvent. 
Afterwards, each NP suspension was sterilized by filtration through 0.22 µM 
polyethersulfone membranes (PES, Millipore Express
®
, Millex GP) and stored at 4 ºC. In 
the next sections, unloaded NPs will be labelled as NP-0. 
α-TOS or coumarin-6 encapsulation 
-TOS or coumarin-6 (c6) loaded NPs were also obtained by nanoprecipitation. -
TOS (10, 5 or 3 % w/w respect to the polymer) or c6 (1 % w/w respect to the polymer) and 
MTOS-11 (10 mg/mL) were dissolved in 1,4-dioxane and added dropwise to a PBS solution 
under magnetic stirring. The final polymer concentration was 2.0 mg/mL. The solution was 
dialyzed against PBS for 72 hours in order to eliminate the organic solvent and non-
encapsulated -TOS or c6. 
In the following sections, α-TOS-based NPs will be labelled as a function of the feed 
percentage of α-TOS loading (NP-10, NP-5 and NP-3 for a 10, 5 or 3 % w/w with respect to 
the polymer, respectively). 
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Encapsulation efficiency (EE) 
c6 and α-TOS loaded NPs were freeze dried in order to eliminate the aqueous phase. 
Amorphous powder was obtained in both types of NPs with a yield higher than 90 %. 
Afterwards, c6 entrapped in self-assembled NPs was measured by fluorescence 
spectroscopy. Particularly, c6 NPs (2 mg/mL) were dissolved in ethanol and their 
fluorescence was measured with an excitation wavelength of 485 nm and a maximum 
emission of 528 nm using a Biotek SYNERGY-HT plate reader, adjusting emission splits as 
required for the intensity measurements. The fluorescence intensity was correlated with c6 
concentration using a calibration curve that was previously obtained using a range of c6 
concentrations between 0.5 – 0.001 mg/mL in ethanol.  
α-TOS entrapped in the NPs was quantified by absorbance spectroscopy. 
Specifically, α-TOS loaded NPs (5 mg/mL) were dissolved in ethanol and their absorbance 
was measured at 285 nm using a Perkin Elmer Lambda 35 UV/VIS spectrophotometer. The 
absorbance was correlated with α-TOS concentration using a calibration curve that was 
previously obtained using a range of α-TOS concentrations between 1 – 0.001 mg/mL in 
ethanol.  
The encapsulation efficiency (EE) was defined as the ratio of calculated and original 
amount of c6 or α-TOS encapsulated in the NPs. The calculation equation is as follows: 
                𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐸) =  
[𝑙𝑜𝑎𝑑𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒]𝑖
[𝑙𝑜𝑎𝑑𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠]0 
 × 100                [1] 
being [loaded molecule]i the concentration of the molecule (c6 or α-TOS) 
encapsulated in the core of the NPs and detected experimentally, and [loaded molecule]0 the 
concentration of the molecule added in the nanoprecipitation process.  
Particle Size Distribution  and  zeta potential measurements 
The particle size distribution of the NP suspensions was determined by dymanic light 
scattering (DLS) using a Malvern Nanosizer NanoZS Instrument  equipped with a 4mW 
He-Ne laser (λ=633 nm)  at a scattering angle of 173°. Measurements of NP dispersions 
were performed in square polystyrene cuvettes (SARSTEDT), and the temperature was kept 
constant at 25 ºC. The autocorrelation function was converted in an intensity particle size 
distribution with ZetaSizer Software 7.10 version, to get the mean hydrodynamic diameter 
(Dh) and the particle dispersion index (PDI) between 0 (monodisperse particles) and 1 
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(polydisperse particles) based on the Stokes-Einstein equation, assuming the particle to be 
spherical. The zeta potential was determined for NP formulations at 0.2 mg/mL 
concentration containing 10 mM NaCl and using laser Dopper electrophoresis (LDE). The 
zeta potentials were automatically calculated from the electrophoretic mobility using the 
Smoluchowski´s approximation. For each sample, the statistical average and standard 
deviation of data were calculated from 8 measurements of 20 runs each one.  
Characterization morphology of NPs  
The morphology of NPs was observed using scanning electron microscopy (SEM), 
transmission electron microscopy (TEM) and atomic force microscopy (AFM). SEM 
analysis was performed with a Hitachi SU8000 TED, cold-emission FE-SEM microscope 
working with an accelerating voltage between 15 and 25 kV. Samples were prepared by 
deposition of one drop of the corresponding NPs suspension over small glass disks (12 mm 
diameter), and evaporation at room temperature. Finally, the samples were coated with gold 
palladium alloy (80:20).  
TEM analysis was done with Hitachi SU8000 TED, cold-emission FE-SEM 
microscope, operating at an acceleration voltage of 50 kV. A drop of NPs suspension (0.02 
mg/mL) was deposited over poly(vinyl formal)-coated copper TEM grid and evaporated 
overnight at room temperature. An additional drop of brilliant black dye (Sigma-Aldrich, 1 
mg/mL) was deposited on the grid and the excess was removed with filter paper and the 
grid was allowed to dry before TEM observation. 
For AFM examination, a drop of NPs dispersion was deposited on a surface of small 
glass disks (12 mm of diameter) and allowed to dry overnight at room temperature. AFM 
was performed in tapping mode using a Multimode AFM (Veeco Instruments, Santa 
Barbara, CA, USA) with a Nanoscope IVa control system (software version 6.14r1), 
equipped with silicon tapping probes (RTESP, Veeco) with a spring constant of 42 N/m and 
a resonance frequency of 300 KHz and a scan rate of 0.5 Hz. Both the topography and the 
phase signal images were recorded with a resolution of 512×512 data points. 
 Cell culture 
Hypopharynx carcinoma squamous cells (FaDu, ATCC) were cultured in Dulbecco’s  
modified Eagle’s Minimun Essential (DMEM), supplemented with 10% fetal bovine serum 
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(FBS), 1% penicillin/streptomycin (P/S), and incubated at 37°C and 5% CO2. Human 
mammary epithelial cells, HMEpC (obtained from the European Collection of Cell 
Cultures, ECACC) were cultured using mammary epithelial cell medium (Innoprot), 
supplemented with 10% FBS, 1%  P/S as cultured medium at 37°C and 5% CO2. In the 3D 
experiments, FaDu cells were seeded on 2% Matrigel (BD Biosciences, 200 µL) precoated 
24-well plates at a density of 90,000
 
cells/mL.   
 Uptake of coumarin-6 loaded NPs 
Endocytosis of c6 loaded NPs at 0.1 mg/mL was followed by fluorescence 
microscopy. FaDu cells in 2D and 3D cultures were seeded at 90,000 cells/mL and, in 
complete medium. The cells were incubated overnight at 37 ºC. Afterwards, the medium 
was replaced with the corresponding NPs dispersion in PBS (50 µL of the NPs suspension 
and 50 µL of completed medium) and incubated for 5 h at 37 ºC. When this time was 
elapsed, the cells were washed 3 times with cold PBS and fixed by a paraformaldehyde 
solution in PBS (3.7 w/v %) for 15 min at room temperature. Afterwards, the cells were 
rinsed with cold PBS and observed by Nikon Eclipse TE 2000-S Inverted Microscope 
System and by Confocal Laser Scanning Microscopy (CLSM) (Leica TCS-SP5 RS AOBS). 
 Cell viability assay  
Cell viability in the presence of different concentrations of NPs or TPGS (Sigma-
Aldrich) (1.00, 0.50, 0.25, 0.125, 0.062 mg/mL) was measured using MTT assay. Briefly, 
cells were seeded in 96-well plates at different densities: FaDu at 25,000 cells/mL (2,500 
cells/well) and HMEpC at 100,000 cells/mL (10,000 cells/well). 
After 24 hours of incubation, the medium was replaced with the corresponding NPs 
dispersion or TPGS solution in PBS (50 µL of the NPs suspension and 50 µL of completed 
medium). The plates were incubated at 37°C in a humidified air with 5% CO2 for 24 h. A 
solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was 
prepared in warm PBS and filtered before use. MTT, 100 µL, was added to all wells to give 
a final concentration of 0.05 mg/mL, and the plates were incubated at 37°C, 5% CO2 for 4 
h. Medium and MTT were removed, and 100 µL dimethyl sulfoxide (DMSO) was added to 
all wells in order to solubilize the formazan crystals formed in the cells, mixed for 10 min, 
and the absorbance was measured on a Biotek SYNERGY-HT plate reader, using a test 
wavelength of 570 nm and a reference wavelength of 630 nm. 
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Cell viability of FaDu cells was also determined after the pre-treatment of the cells 
with 900 nM MitoQ (kindly donated by Dr. M.P. Murphy) for 1 h in order to assess the 
capacity of MitoQ 
[39]
 to prevent the effect of the NPs. 
 Biochemical assays 
In order to perform the following biochemical assays, unloaded (NP-0) and α-TOS-
loaded NP (NP-10) were selected at a polymer concentration of 1 and 0.25 mg/mL, 
respectively. In all cases, FaDu cells were treated with the NPs formulations during 24 h. 
For each sample, the statistical average and standard deviation of data were calculated from 
4 measurements. 
ELISA for Quantitation of EGF and VEGF 
Supernatants from each experimental group were collected after 24 hours and used to 
measure the levels of epidermal growth factor (EGF) and vascular endothelial growth factor 
(VEGF). The enzyme immunoassay kits for specific cytokines were used (Quantikine, R&D 
systems, Minneapolis, MN, and Gen-Probe Diaclone SAS) according to the manufacturer’s 
protocol. After development of the colorimetric reaction, the absorbance at 450 nm was 
quantitated by spectrophotometer (TECAN trading AG, Mänedorf, Swizerland), and the 
absorbance readings were converted to pg/ml based upon standard curves obtained with 
recombinant cytokine in each assay.  
Lactate dehydrogenase release 
Lactate dehydrogenase (LDH) activity was measured in the supernatant of FaDu 
cultures after being in contact with NP-0, NP-10, TPGS (100 µL each) or Triton X-100 (1% 
v/v). LDH was detected using the cytotoxicity LDH kit (Roche) following the instructions 
of the manufacturer. Basically, LDH reduces nicotinamide adenine dinucleotide 
(NAD
+
/NADH) by the oxydation of lactate to pyruvate, and in a second enzymatic reaction 
the catalyst (diaphorase) transfers H/H
+
 from NADH to the tetrazolium salt (2-p-
iodophenyl-3-p-nitrophenyl-5-phenyl tetrazolium chloride, INT) and transforms it into a red 
formazan product that was detected colorimetrically (λabs=490 nm) using a GENios Plus 
plate reader (TECAN trading AG, Männedorf, Switzerland). The LDH activity of each 
sample was calculated from the standard LDH curve. Triton X-100 was used as a positive 
control and PBS as negative control. 
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Western blot and protein content 
Extraction of protein homogenates and Western blot were performed in culture cells 
of FaDu, as we described previously
[40]
, using a polyclonal antibodies against: EGFR 
(dilution 1:200), nitrotyrosine (dilution 1:100), active caspase-3, caspase-8 and caspase-9 
(dilution 1:100)  Abcam, Cambridge, UK). Followed by incubation with a rabbit 
peroxidase-conjugated secondary antibody (1:10000 dilution, Abcam, Cambridge, UK). 
Immunoreactive bands were detected using an enhanced chemiluminiscence detection kit 
Supersignal West Pico Chemiluminiscent substrate (Fisher Scientific) and quantified by 
densitometry using AlphaFaseFC (Fluor Chem) software (Alpha Innotech Corporation, San 
Leandro, CA, USA). Densitometry histograms are representative of the mean results from 
six independent experiments.  
Caspase-9 activity 
For the quantification of caspase-9 activity in FaDu cell lysates, a colorimetric assay 
selective for caspase-9, ApoTargetTM Caspase-9, was used according to the manufacturer’s 
instructions (Life Technologies Corporation, Frederick, MD, USA). Color is proportional to 
the amount of caspase-9 activity present, and 10 µg/mL protein was utilized to normalize 
the results.  
Indirect immunofluorescence for nitrotyrosine and Anexin-V detection  
Cells were blocked and incubated overnight at 4 ºC with a polyclonal anti-
nitrotyrosine antibody (dilution: 1:100, Millipore Corporation, Billerica, MA) or polyclonal 
anti-anexin-V antibody (dilution: 1:75, abcam, Cambridge, UK). Following washes with 
0.1% Triton X-100 in PBS, cells were incubated with secondary Alexa Fluor 546-
conjugated goat anti-rabbit antibody (dilution 1:250; Molecular Probes, Life Technologies, 
Alcobendas, Madrid) for 45 min at 37 ºC. Thereafter, cells were incubated with DAPI (300 
nM) for 5 min at 37 ºC. Cells were then mounted and visualized using an Olympus BX51 
inverted microscope (Japan). Specificity of the immunostaining was evaluated by omission 
of the primary antibody.  
Superoxide anion detection  
FaDu cells superoxide generation was determined by staining of cells with 
fluorescent-labeled dihydroethidium (DHE; Molecular Probes, Eugene, OR). Briefly, cells 
Chapter III: Bioactive nanoparticles based on free radical copolymers 
 
130 | Página  
were fixed with 4% paraformaldehyde and blocked in a PBS solution containing 4% goat 
serum and 0.1% Triton X-100. After, cells were incubated for 90 min at 37 ºC with the 
fluorescent probe dihydroethidium (DHE, 4 µmol/l; Calbiochem, Darmstadt, Germany). In 
the presence of superoxide anions, DHE is oxidized to ethidium, which intercalates with 
DNA, yielding bright red fluorescence.  
Reactive species quantification (Total ROS/RNS) 
Total ROS/RNS free radical activity was measured by the OxiSelect™ In Vitro 
ROS/RNS Assay Kit. The assay employs a dichlorodihydrofluorescin DiOxyQ (DCFH-
DiOxyQ), which is a specific ROS/RNS probe. For this purpose, supernatants of FaDu 
cultures, after being in contact with PBS, NP-0, NP-10 (50 µL each), were added to the 
wells with 50 µL of a catalyst included in the kit (diluted in PBS at 1:250) in order to 
accelerate the oxidative reaction. After a brief incubation, 100 µL of the prepared DCFH 
probe was added to each well. The samples were measured fluorometrically against DCF 
standard and free radical content was determined by comparison with the predetermined 
DCF curve. Relative fluorescence was red with GENios Plus plate reader (TECAN trading 
AG, Männedorf, Switzerland) at 480 nm excitation / 530 nm emission.  
 Statistical analysis 
Results were expressed as mean ± standard deviation. Statistical significance 
(significance level of: *: p < 0.05) was evaluated using the analysis of variance (ANOVA, 
Tukey test) as required, by Origin 9. This study was approved by the Ethics Committee of 
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3.2.4. Results and discussion 
 Nanoparticle characterization: -TOS or coumarin-6 encapsulation 
c6 was efficiently encapsulated in the core of the NPs (NP-c6) and was used as a 
model of hydrophobic molecule, and as a fluorescent probe for the in vitro experiments. 
The suspension of NP-c6 in water was green fluorescent. NP-c6 were uptaken by the FaDu 
cells in 2D and 3D cultures and accumulated around the nucleus in a similar manner as 
HMEpC (figure S1, see supporting information)
[36]
. -TOS was also efficiently entrapped 
during the nanoprecipitation process. Particularly, EE was enhanced with the increasing of 
feed load of α-TOS (table 1). In the nanoprecipitation process, the direct hydrophobic 
interactions between free -TOS and the nanodomains of methacrylic MTOS are the key 
factor for the increase of the encapsulation efficacy.  The incorporation of free -TOS 
molecules might increase the flexibility of PMTOS sequences, increasing the capacity of 
more interactions with the free drug. 
Table 1: Characteristics of unloaded and loaded NPs: Hydrodynamic diameter (Dh), polydispersity 
indexes (PDI), zeta potential (ζ), and encapsulation efficiency (EE). 
NP Drug  Load (% w/w) Dh  (nm) PDI ζ (mV) EE (%) 
NP-0 - - 134.3 ±  9.2 0.128 ±  0.022 ̶  3.0 ± 0.2  - 
NP-3 
α-TOS 
3 123.7 ± 6.1 0.185 ± 0.039 ̶  8.5 ± 0.3  34 
NP-5 5 139.7 ± 6.8 0.172 ± 0.056 ̶  8.8 ± 0.2   61 
NP-10 10 164.3 ± 4.9 0.177 ± 0.042 ̶  18.2 ± 0.6  72 
NP-c6 c6 1 172.5 ± 7.2 0.312 ± 0.054 ̶  4.4 ± 0.5   85 
 
SEM, TEM and AFM micrographs demonstrate that α-TOS-loaded NPs obtained by 
nanoprecipitation were well-defined spherical (figure 2). All size distributions were 
unimodal with apparent hydrodynamic diameters (Dh, by intensity) between 123 and 164 
nm, and low polydispersity indexes (PDI), which can be considered adequate for drug 
delivery NPs for cancer treatment (table 1). 
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Figure 2: (A) SEM, (B) TEM and (C) AFM micrographs of NP-10 dried from aqueous solution at 
room temperature. 
Particle size could be modulated as a function of the concentration and copolymer 
composition, as described in a previous publication
[36]
. The experimental conditions 
described in that article were used as starting point to adjust the particle size in the range of 
100 to 200 nm as it is considered optimum to improve the EPR effect
[12, 41]
. Sizes smaller 
than 100 nm are rapidly eliminated by the reticuloendothelial system (RES), and cells have 
difficulties to endocyte NPs with sizes bigger than 200 nm
[42-44]
.  
Particle size increased as α-TOS encapsulation increased, however NP-3 presented 
smaller size than NP-0 probably due to a better organization of the hydrophobic core when 
small amounts of α-TOS were encapsulated. Particle size distributions of loaded NPs are 
shown in figure S2 (see supporting information).  
Zeta potential of all NPs was slightly negative, indicating an almost neutral charge of 
the surface.  These values of zeta potential are typical of VP-based NPs, as described by 
Zhu et al. that prepared PVP-b-polycaprolactone (PVP-b-PCL) block NPs with zeta 
potential value about of – 4.4 mV
[45]
. Moreover, Gaucher et al. characterized 
nanoaggregates based on PVP-b-PDLLA that exhibited a zeta potential value around – 10 
mV 
[46]
. All these values indicate that these NPs exhibit a near neutral zeta potential owing 
to the VP external shell. 
It is noticeable the increase of zeta potential value of NP-10 formulation (- 18.2 mV). 
This indicates that the molecules of free α-TOS, with a carboxylic end group, can be 
oriented at least partially with the long non-polar tail of the molecules inserted in the core 
domain of NPs whereas the polar carboxylic group oriented in the shell of the NPs (VP 
sequences). This effect contributes to increase the negative charge in the surface.  
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 Biological activity 
Cell viability assay against cancer cells 
α-TOS activity has been extensively studied by Neuzil et al. It is considered a 
mitocan as it selectively induces apoptosis of cancer cells by targeting the mitochondria. -
TOS mechanism of action only affects tumor and proliferating endothelial cells, with little 
or no harm to nonmalignant and quiescent endothelial cells. In fact, α-TOS was nontoxic to 
a wide range of normal cells, although the mechanism was not completely elucidated. 
Several hypotheses have been proposed to clarify this selective mechanism, being most of 
them based on the differences in the cellular metabolism and defense mechanisms (levels of 
esterases or antioxidant enzymes) between cancer and nonmalignant cells 
[30, 47, 48]
.  
In the present work, α-TOS-loaded NPs (NP-3, NP-5 and NP-10) have been prepared 
in order to test if their biological activity increases. Therefore, cell viability of FaDu in the 
presence of different concentrations of these NPs was studied.  
The biological activity of the NPs increased with NPs concentration and the loading 
charge as demonstrated in figures 3 and 4. Figure 3 shows the effect of NP-0 and NP-3 
after 24 (A and B) and 48 hours (C and D) and demonstrates that cell viability decreased as 
a function of the NP concentration, and was lower for NP-3. Additionally, figure 4 shows 
the effect of NP-5 and NP-10 after 24 (A and B) and 48 hours (C and D) and demonstrates 
that the biological activity of these loaded NPs was much higher, being toxic (cell viability 
lower than 70%) for cancer cells but tolerated by nonmalignant cells (e.g., concentrations of 
NP-10 higher than 0.5 mg/mL, and concentrations of NP-5 higher than 1.0 mg/mL were 
toxic for cancer cells). 
Figure S3 (see supporting information) shows micrographs of FaDu culture 
treatment with NP-0 and NP-10 formulations with respect to negative control (PBS) after 24 
hours. NPs treated cells were affected; especially in the case of NP-10 where it is possible 
to appreciate that cell morphology was not polygonal, but rounded if compared with the 
control. TPGS was also included in the study for comparative purposes, as it is the most 
common water-soluble derivative of α-TOS. Moreover, TPGS has been approved by the 
FDA as adjuvant in the synthesis of NPs
[33]
. However, its toxicity against cancer cells was 
confirmed, probably due to its surfactant properties. 
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Figure 3: FaDu (●) and HMEpC (■) viability in the presence of different concentrations of NPs 
measured after 24 (A and B) and 48 hours (C and D). (A and C) NP-0, (B and D) NP-3. The diagrams 
include the mean, the standard deviation (n=8), and the ANOVA results from the comparison of 
cancer cells and nonmalignant cells (HMEpC), obtained at a significance level of:  *: p < 0.05. 
The effect of NP-0 was observed after 24 hours and this effect did not increase over 
time (no significant differences between data obtained after 24 and 48 hours were 
observed), however the activity of loaded NPs was significantly higher after 48 hours. This 
means that the NPs were uptaken by the cells at 24 hours but the release of α-TOS takes 
place not only during the first 24 hours but longer periods of time (48 hours). For instance, 
NP-3 at 1.0 mg/ml reduced cell viability of FaDu from 65.9 % at 24 hours to 13.5 % at 48 
hours. 
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Figure 4: FaDu (●) and HMEpC (■) viability in the presence of different concentrations of NPs 
measured after 24 (A and B) and 48 hours (C and D). (A and C) NP-5, (B and D) NP-10. The 
diagrams include the mean, the standard deviation (n=8), and the ANOVA results from the 
comparison of cancer cells (FaDu and MDA-MB-231) and nonmalignant cells (HMEpC), obtained at 
a significance level of:  *: p < 0.05. 
Selectivity assay: Breast epithelial cells (HMEpC) vs. Human pharynx squamous 
carcinoma cells (FaDu) 
FaDu cancer cells were more sensitive to the presence of the NPs than HMEpC. 
Furthermore, loaded NPs were more active than unloaded NPs, and this activity increased 
overtime. In fact, unloaded NPs reduced cell viability of FaDu cells in a dose-dependent 
manner, being toxic (cell viability below 70%) at high concentrations (0.5 and 1.0 mg/mL). 
However, HMEpC viability was not affected by the presence of unloaded NPs (figure 3).  
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Loaded NPs reduced cell viability of cancer and nonmalignant cells in a dose-
dependent manner. However, nonmalignant epithelial cells were less sensitive to the 
presence of these NPs existing selective concentrations of NPs that induce the apoptosis of 
cancer cells (see also the apoptosis section) with little or no harm to nonmalignant cells. 
The selective intervals of unloaded and loaded NPs in cancer cells are summarized in the 
table S1 (see supporting information). For example, 0.25 mg/mL of NP-10 reduced cell 
viability of FaDu cells (45% after 24 hours and 17% after 48 hours) whilst cell viability of 
nonmalignant cells was maintained over 70% (100% after 24 hours and 76% after 48 
hours).  
 Biochemical assays 
NP-10 at a concentration of 0.25 mg/mL was used in the following experiments as 
this concentration was the highest concentration of the NPs loaded with the highest 
concentration of α-TOS that presented selectivity against FaDu cells. Moreover, NP-0 at the 
highest concentration of 1 mg/mL was also considered in order to analyze the effect of the 
intrinsic biological activity of the polymeric nanovehicle (MTOS-11).  
Epidermal growth factor and its receptor  
Epidermal growth factor receptor (EGFR) is a member of the ErbB/HER family of 
receptors. Its stimulation by different ligands, such as EGF or transforming growth factor-
alpha (TGF-α), leads the activation of intracellular tyrosine kinase that controls gene 
transcription, cell proliferation, invasion, angiogenesis and metastasis. For that reason, 
EGFR plays an important role in human carcinogenesis and it is correlated with poor 
prognosis, more resistance behavior and an increased risk of metastasis in a wide variety of 
cancers, including head and neck, breast, bladder, ovarian, renal, and colon
[49, 50]
.  
Particularly, up to 80% of HNSCC overexpress high level of EGFR and 
consequently, the survival rate of patients significantly decreases. Currently, the EGFR 
represents the most relevant target for new anticancer therapy in HNSCC. Advances in the 
understanding of the EGFR signaling pathways have led the development therapeutic 
strategies to inhibit the stimulation of this receptor, based on the use of monoclonal 
antibodies (Cetuximab) and small-molecule tyrosine kinase inhibitors (Gefitinib, Erlotinib) 
[51-53]
. However, the majority of tumors develop acquired resistance to EGFR inhibition. In 
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EGFR and its ligand (EGF) levels were measured by Western Blot and Elisa 
quantification, respectively, after the treatment with unloaded (NP-0) and loaded (NP-10) 
NPs during 24 h. As it is shown in figure 5, EGFR and EGF levels significantly decreased 
using both types of NPs with respect to control. Particularly, the reduction of EGFR was 
remarkable in the case of NP-10 group (EGFR expression was downregulated 22 and 84 % 
with respect to the control by NP-0 and NP-10, respectively). These results suggest that NPs 
based on α-TOS could regulate tumor progression by inhibition of EGFR and this effect is 











Figure 5: Levels of EGF (A) and EGFR (B) after the treatment with NP-0 and NP-10 in FaDu cells. 
The diagrams include the mean, the standard deviation (n=4), and the ANOVA results from the 
comparison of NPs formulations with respect to control, obtained at a significance level of:  *: p < 
0.05. 
α-TOS has been also considered as an angiogenic regulator, decreasing the viability 
of proliferating endothelial cells, with little or no harm to quiescent cells
[47, 57]
. In fact, our 
group recently reported the selective antiangiogenic activity of MTOS11-based NPs (NP-0) 
against human umbilical vein endothelial cells (HUVECs). Mainly, NP-0 formulation 
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decreased the viability to 40% when NP concentration was 0.5 mg/mL, maintaining the 
viability of quiescent cells above 80 %
[36]
.  
Dual anticancer and antiangiogenic therapies are an interesting goal to achieve 
effective cancer treatments. The inhibition of angiogenesis in tumors inhibited tumor 
growth, decreased tumor mass, and induced tumor regression
[58, 59]
. Downregulation of the 
most active proangiogenic factors (such as vascular endothelial growth factor, VEGF) has 
become a promising target for the development of anti-angiogenic therapies.  
VEGF levels were determined by Elisa quantification after the NP-0 and NP-10 
treatments. Results show that VEGF levels in FaDu cells were significantly lower in the 
case of NP-0 and NP-10 if compared with the control (figure 6). The reduction of VEGF 
expression was higher than 15 and 43 % after the treatment with unloaded and loaded NPs, 
respectively. These results suggest that α-TOS entrapped into NPs might enhance the 











Figure 6: Levels of VEGF after the treatment with NP-0 and NP-10 in FaDu cells. The diagrams 
include the mean, the standard deviation (n=4), and the ANOVA results from the comparison of NPs 
formulations with respect to control, obtained at a significance level of:  *: p < 0.05 
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Type of cell death: necrosis vs apoptosis 
In order to determine the type of cell death that takes place during the reduction of 
cell viability, necrosis and apoptosis assays were performed. Necrosis is an uncontrolled 
cell death which causes vacuolation, rupture of the plasma membrane, extensive DNA 
hydrolysis, and finally cell lysis. This process produces the release of factors from death 
cells that activate the immune system,  resulting in an inflammatory response
[60, 61]
.  
Necrosis was indirectly evaluated by the quantification of lactate dehydrogenase 
(LDH) activity in the supernatant of FaDu cultures
[62]
. Specifically, LDH is a cytoplasmatic 
enzyme that is released into the extracellular space when plasma membrane is damaged. 
Figure 7A shows that LDH percentages of FaDu culture after the treatment with NP-0 and 
NP-10 were lower than 42 %. In fact, the increment of LDH activity was only significant in 
the case of NP-10 group.  
Additionally, TPGS treatment increased LDH levels (higher than 80 % at 1.25 mg/ml 
of TPGS) that were very close to positive control based on Triton X-100. Therefore, TPGS 
is much toxic than the NPs at this concentration probably due to its surfactant character.  
Youk et al. demonstrated that TPGS at a lower concentration (in the range of 10 and 50 
µM) induced apoptosis and ROS generation
[63]
. In spite of the presence of α-TOS in the 
structure of TPGS, the mechanism by which TPGS triggers apoptosis is not well known. 
Researches are needed to elucidate the underlying mechanism of TPGS anticancer 
properties using different cancer cell lines
[33]
. The first data suggest that the anticancer 
effect of TPGS is mediated by an alternative pathway in comparison to α-TOS. In this 
sense, TPGS has been shown to inhibit the function of P-glycoprotein (P-gp) and to rigidify 
lipid bilayers of cell membrane. Different authors have proposed that P-gp inhibition could 
be influenced by its effect on the conformational flexibility and ATPase activity, probably 




In contrast to necrosis, apoptosis is a programmed death in response to cellular stress 
[67]
. This genetically regulated process is characterized by different perturbations to the 
cellular architecture such as nuclear and chromosomal DNA fragmentation, chromatin 
condensation, exteriorization of phosphatidylserine (PS), cell shrinkage and blebbing …
[61]
 
All these morphologic features of apoptosis require energy in the form of ATP and the 
Chapter III: Bioactive nanoparticles based on free radical copolymers 
 
140 | Página  
activation of caspases by either the regulation of death receptors (extrinsic pathway) or the 
release of apoptotic mediators from the mitochondria (intrinsic pathway), as will be 
explained in the following sections. Currently, numerous novel therapies are being 
developed to target specific apoptotic regulators due to its importance as a pathogenic 
mechanism with a contributing role for many diseases such as cancer and inflammation 
processes
[68]
. In the case of cancer, apoptosis is implicated in the therapeutically induced 























Figure 7: (A) LDH quantification after the treatment with NP-0 and NP-10 in FaDu cells. The 
diagrams include the mean, the standard deviation (n=4), and the ANOVA results from the 
comparison of NPs formulations with respect to negative control (PBS), obtained at a significance 
level of:  *: p < 0.05. (B) Fluorescence photographs of 2D and 3D Fadu cultures treated with NP-0 
and NP-10 formulation using Annexin V- Alexa Fluor 546 conjugate (red fluorescence). 
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Low levels of LDH activity after the NPs treatment indicate that the cell death could 
be mediated by apoptotic processes. For that reason, this programmed cell death was 
qualitatively evaluated by immunofluorescence using Annexin V- Alexa Fluor 546 
conjugate as apoptotic marker. Particularly, Annexin V is a Ca
2+
 dependent phospholipid-
binding protein with high affinity for PS that is translocated from the inner side of the 
plasma membrane to the outer layer in the early stages of apoptosis
[69, 70]
.  
Figure 7B includes the fluorescence photographs of 2D and 3D FaDu culture after 
the addition of NP-0 and NP-10. In both types of cultures, red fluorescence increased in the 
group with NP-10 in comparison to control and unloaded NPs. The enhancement of 
fluorescence was qualitatively more evident in the case of 3D culture. These qualitative 
results allow to conclude that α-TOS loaded NPs affect the cell viability of FaDu through a 
cell-programmed death.   
Activation of caspases 
A typical feature of apoptosis is the functional activation of caspases that plays a 
central role in the execution phase of cell programmed death. Specifically, caspases are a 
family of cysteine proteases that can be activated by two different signaling routes: extrinsic 
death receptor pathway and the intrinsic mitochondrial pathway
[71, 72]
.   
Extrinsic pathway is characterized by the participation of transmembrane death 
receptors that are members of the tumor necrosis factor (TNF) receptor gene superfamily.  
Death receptors specifically bind to extrinsic death ligands (such as Fas ligand (FasL) and 
TNF-related apoptosis-inducing ligand (TRAIL)). As a result, oligomerization and 
conformational changes are produced in these receptors. These modifications involve the 
formation of intracellular death-inducing signaling complex (DISC) through the enrollment 
of the adapter molecules such as the Fas-associated death domain protein (FADD). These 
specific proteins recruit and acummulate molecules of caspase-8, promoting its activation. 
In conclusion, this route of apoptosis is mediated by the activation of caspase-8 and 
bypasses the mitochondria in most cells
[73, 74]
.  
In contrast, mitochondria are only involved in the intrinsic mechanism of apoptosis 
that mainly depends on the induction of cellular stress and consequently the release of 
cytochrome c from these organelles into the cytosol. Pro-apoptotic proteins such as Bax, 
Bak, and BH3-only proteins specifically regulate the permeability of the outer 
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mitochondrial membrane (OMM) and thereby the release of cytochrome c. The 
involvement of these proapoptotic proteins is the vital importance to overcome the 
inhibitory effect of Bcl-2 antiapoptotic proteins. In fact, BH3-only proteins confiscate anti-
apoptotic Bcl-2-family members and promote the assembly of Bak–Bax oligomers within 
mitochondrial outer membranes. On release from mitochondria, cytochrome c associates 




Both apoptotic routes are interconnected by the activation of executioner caspases 
such as caspase-3, caspase-6 and caspase-7
[76]
. Regardless of the caspase activation route, 
the major effector caspases are activated cleaving selected target proteins. Consequently, 














Figure 8: Quantification of caspase-3, 8 and  9 by Western Blot after the treatment of FaDu culture 
with NP-0 and NP-10 formulations. The diagrams include the mean, the standard deviation (n=4), and 
the ANOVA results from the comparison of NPs formulations with respect to negative control (PBS), 
obtained at a significance level of:  *: p < 0.05. 
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In order to identify the route of caspases activation that is involved in the induction 
of apoptosis by α-TOS-based NPs, levels of active caspase-3 (caspase-mediated 
programmed apoptosis), active caspase-8 (caspase-mediated extrinsic pathway) and active 
caspase-9 (caspase-mediated intrinsic pathway via mitochondria) were measured by 
Western Blot Analysis in protein extracts from FaDu cell cultures lysates after 24 hours of 
incubation with unloaded and loaded NPs.  
Results of different levels of caspases after the NPs treatments are summarized in 
figure 8. Particularly, caspase-8 levels were similar to the control and no significant 
differences were observed after the incubation with both types of NPs. Consequently, these 
NPs did not induce the apoptotic processes by extrinsic pathway. However, levels of both 
caspase 3 and caspase 9 significantly increased in the case of NP-0 and NP-10 formulations. 
Specifically, NP treatments produced an upregulation in the expression of caspase-3 of 29 
















Figure 9: Caspase-9 activity by Elisa quantification after the treatment of FaDu culture with NP-0 
and NP-10 formulations. The diagrams include the mean, the standard deviation (n=4), and the 
ANOVA results from the comparison of NPs formulations with respect to negative control (PBS), 
obtained at a significance level of:  *: p < 0.05. 
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Furthermore, the high caspase-9 levels after the addition of different NPs (the level 
of caspase 9 increased above to 37 % and 90 % with NP-0 and NP-10 groups, respectively) 
allow to conclude that intrinsic pathway mediated apoptosis is the mainly mechanism that 
regulate the FaDu viability reduction through the active involvement of mitochondria of 
these cancer cells. In the same manner, caspase-9 activity was also measured by Elisa 
quantification with the aim to confirm the previous data. Activity of caspase-9 was also 
enhanced after the treatment with unloaded and loaded NPs (figure 9). 
Mitochondrial action via complex II  
α-TOS-loaded NPs formulations selectively induced apoptosis of FaDu cells, as it 
was previously demonstrated. In order to elucidate if MTOS-11-based NPs act via complex 
II of cancer mitochondria, in the same manner as α-TOS, cell viability and caspase 3 levels 
of Mito-Q pretreated or nontreated FaDu cells in the presence of NP-0 and NP-10 were 
measured. These experiments have also the aim to evaluate if α-TOS loaded in the core of 
nanoassemblies have a synergistic effect on the induction of complex II-mediated apoptosis 
in comparison with the unloaded NPs. 
MitoQ is a mitochondria-targeted antioxidant
[77]
. Murphy et al. developed this 
antioxidant with a chemical structure that can be divided in two different parts
[39]
. On the 
one hand, MitoQ incorporates a lipophilic cation based on the triphenylphosphonium 
structure that can preferentially accumulate within the negative mitochondrial matrix
[78, 79]
. 
On the other hand, the antioxidant part of mitoQ is an ubiquinone moiety that allows the 
conversion of mitoQ to the active ubiquinol, by the action of the enzyme complex II
[80]
. 
This conversion avoids the accumulation of ROS that are responsible to activate the 
intrinsic pathway of apoptosis. For that reason, the pretreatment of cells with MitoQ could 
protect them from oxidative damage by reducing ROS levels and therefore can be used to 
check if apoptosis was triggered by this mechanism
[81]
. 
Figure 10A shows that cell viability of MitoQ pre-treated cells was significantly 
higher in comparison to untreatment FaDu cultures. In both types of NPs formulations, 
viabilities were higher than 70 % after the treatment with MitoQ (cell viabilities of 86 and 
75 % were obtained for NP-0 and NP-10, respectively). Therefore, the addition of MitoQ 
alleviated the action of the NPs and therefore prevented the reduction of cell viability. 
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Figure 10: Influence of MitoQ pretreatment in the FaDu viability (A) and the caspase-3 levels (B) 
after the treatment of FaDu culture with NP-0 and NP-10 formulations. The diagrams include the 
mean, the standard deviation (n=4), and the ANOVA results from the comparison of NPs 
formulations with respect to untreated cells, obtained at a significance level of:  *: p < 0.05. 
The influence of MitoQ pretreatment was also confirmed by the visualization of the 
cell morphology after 24 h of NPs incubation. Figure S4 (see supporting information) 
includes optical micrographs of MitoQ-pretreated and nontreated FaDu culture. Cells that 
were not pretreated with MitoQ were affected, especially those treated with NP-10. 
Additionally, the number of cells was reduced after NP-10 treatment and they were not so 
extended in comparison to control. However, morphology of MitoQ-pretreated cultures was 
not so affected if compared with non-pretreated cultures. 
Caspase-3 levels were also reduced when the cells were pretreated using MitoQ 
(figure 10B). The incorporation of this antioxidant allowed the downregulation of the 
caspase-3 after the treatment with NP-0 and NP-10. These results strongly suggest that α-
TOS-based nanoparticles directly interfere on the mitochondrial function of tumor cells,  via 
complex II 
[82]
. This mechanism of action is significantly enhanced by the addition of more 
α-TOS in the core of the NP, maintaining the selectivity against cancer cells. 
Quantification of cellular stress: oxidative and nitrosive stress 
ROS have an important role in the metabolic functions of cells at normal cellular 
concentrations. However, high levels of ROS have negative consequences in a variety of 
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pathological diseases such as the progression of carcinogenesis, angiogenesis, cell 
proliferation, aging, etc. Mitochondria are one of the most important sources of cellular 
stress based on ROS formed by one-electron reduction of oxygen. This side reaction occurs 
through metabolic processes in the respiratory chain of the mitochondria. The most relevant 
sources of these species are complex I and III that essentially produce superoxide. Complex 
II can also produce ROS when the cells are damaged or in hypoxia conditions
[48, 83]
.  
In normal cells, ROS are inactivated to hydrogen peroxide (H2O2) and oxygen by 
superoxide dismutases; mainly, MnSOD and CuZnSOD that are present in the 
mitochondrial matrix and in the intramembrane space, respectively. However, cancer cells 
have an altered mitochondrial electron transport chains that make them more effective to 
accumulate ROS with respect to normal cells. The high accumulation of ROS (relative to 
nonmalignant cells) induced a cascade of different events such as mtDNA mutations, DNA 
instability, damage of cellular components, etc.
[48, 83]
. 
The metabolic differences between normal and cancer cells regarding ROS 
production have converted the targeting of ROS production in the new paradigm of cancer 
therapies. Currently, researches are focused on the development of new drugs that enhance 
ROS production at unsuitable levels by the cell mitochondria (ROS regulators) to undergo 
apoptosis
[21, 84]
. A wide range of ROS regulators has been described in the literature. 
Particularly, α-TOS has been included as important ROS regulator that rapidly increases 
ROS production in only 30 – 60 min
[48]
. The low levels of antioxidant enzymes in cancer 
cells can enable the development of selective cancer treatments using α-TOS-based 
formulations.  
Total reactive species were quantified after the treatment of FaDu with NP-0 and NP-
10 formulations using a dichlorodihydrofluorescin probe. This probe allows the detection of 
total reactive species, including ROS and reactive nitrogen species (RNS). RNS are also 
reactive species that are typically produced after stress processes in cells, as it will be 
explained later. Additionally, cells were pre-treated 1 h with MitoQ (900 nM) in order to 
test if these species were produced in the mitochondria. 
After both types of NPs treatments, total ROS/RNS significantly increased above 71 
% and 177 % in comparison to control with unloaded and loaded NPs, respectively (figure 
11A). Furthermore, the ROS production was significantly inhibited when cells were 
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pretreated with MitoQ. Effectively, ROS generation induced by NP-0 and NP-10 in the 










Figure 11: (A) Total ROS/RNS quantification by Elisa after the treatment with NP-0 and NP-10 in 
FaDu cells. The diagrams include the mean, the standard deviation (n=4), and the ANOVA results 
from the comparison of NPs formulations with respect to untreated cells, obtained at a significance 
level of:  *: p < 0.05. (B) Fluorescence photographs of 2D FaDu cultures treated with NP-0 and NP-
10 formulation using dihydroethidium (DHE, red fluorescence). 
These results were supported with FaDu cells micrographs that were stained with 
fluorescent-labeled dihydroethidium after NPs treatment. This red fluorescent probe is 
useful for the detection of superoxide anion detection (Figure 11B). In fact, red 
fluorescence intensity of un-pretreated cells increased after the treatment with NP-0 and 
NP-10 groups. However, the red fluorescence was very close to control when mitoQ was 
added to the cells.  
Other important source of reactive species is based on nitric oxide (NO
·
) that plays 
an important function in cancer progression 
[85]
. Particularly, RNS are synthesized by nitric 
oxide synthases on the amino acid arginine and they can react with different oxygen species 
to produce peroxynitrite, nitrogen dioxide or dinitrogen trioxide. These different nitrogen 
species are potent molecules that induce cellular stress and trigger apoptosis
[86, 87]
. 
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Researches have demonstrated that RNS are overexpressed in a wide range of malignant 
tumors at higher concentration than normal tissues, including breast, ovary, lung 
[86]
 and 
head and neck squamous carcinoma
[88, 89]
.  
RNS production was indirectly measured by nitrotyrosine quantification. 
Specifically, nitrotyrosine is a marker of cell damage that is produce in the tyrosine nitration 
mediated by RNS such as peroxynitrite anion and nitrogen dioxide . Results of nitrotyrosine 
levels after NPs treatments are summarized in figure 12A. An increment of 50 % 
nitrotyrosine levels was observed with respect to control after the treatment with NP-10.  
2D and 3D FaDu cultures were used to test nitrosative stress. Red fluorescence intensity 










Figure 12: (A) Nitrotyrosine levels after the treatment with NP-0 and NP-10 in FaDu cells. The 
diagrams include the mean, the standard deviation (n=4), and the ANOVA results from the 
comparison of NPs formulations with respect to control (PBS), obtained at a significance level of:  *: 
p < 0.05. (B) Fluorescence photographs of 2D and 3D FaDu cultures treated with NP-0 and NP-10 
formulation using a polyclonal antibody anti-nitrotyrosine and ALEXAFLUOR-546-conjugated goat 
anti-rabbit antibody. 
In conclusion, MTOS-11 based formulations increased the production of reactive 
species that induce a cellular stress in the cancer cells and finally trigger intrinsic apoptosis. 
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In the case of ROS, cellular stress produced after NPs treatment is mediated via complex II 
in the mitochondria due to the suppression of ROS production after the pretreatment with 
MitoQ.  Levels of both ROS and RNS were significantly upregulated when α-TOS-loaded 
NPs (NP-10) were added to the cell culture.  
3.2.5. Conclusions 
Surfactant-free α-TOS loaded NPs were obtained using amphiphilic pseudoblock 
copolymers based on VP and MTOS. Unloaded and loaded NPs were active through the 
same action mechanism, however, loaded NPs presented higher activity than unloaded NPs 
against cancer cells, and this activity increased in a dose-dependent manner, and overtime. 
Loaded NPs presented a range of selective concentrations, inducing apoptosis of cancer 
cells with little or no harm to nonmalignant cells. Both unloaded and loaded NPs activated 
the intrinsic route of apoptosis via caspase-9 while the extrinsic route (caspase-8) was not 
induced in the presence of the NPs. Apoptosis was related with the accumulation of reactive 
species, both ROS and RNS. α-TOS acted via complex II, and electrons that were 
transported through the electron transport chain leaked and reacted with molecular oxygen 
to form high concentrations of ROS. This phenomenon did not occur in the presence of 
MitoQ, a mitochondria-targeted antioxidant, that avoided the accumulation of ROS and the 
induction of apoptosis.     
Therefore, the employed amphiphilic pseudoblock copolymers could be used to 
efficiently encapsulate α-TOS and other hydrophobic drugs and could be used in 
combinatorial treatments when the different drugs present a synergistic effect on cancer 
treatment.    
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Figure S1: Fluorescent micrographs of FaDu in 2D culture (A), 3D culture (B), and HMEpC in 2D 














Figure S2: Particle size distributions (Dh, by intensity) of α-TOS-loaded NPs, measured by Dynamic 
Light Scattering. Blue: NP-3; Green: NP-5; Red: NP-10. 
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Figure S3: Optical micrographs of FaDu cells after 24 hours in contact with TPGS, NP-0 or NP-10. 











Figure S4: Optical micrographs of untreated and MitoQ (900 nM, 1 h) pretreated FaDu cells after 24 
hours in contact with NP-0 or NP-10. Control: PBS. Bar=100µm. 
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NP Time (h) Selectivity interval (mg/mL) 
NP-0 
24 1.000 
48 0.500 1.000 
NP-3 
24 1.000 
48 0.500 1.000 
NP-5 
24 0.500 1.000 
48 0.250 1.000 
NP-10 
24 0.250 0.500 
48 0.250 
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4.1.1. Abstract  
-Tocopheryl succinate (-TOS) is a well-known mitochondrially targeted 
anticancer compound. However, a major factor limiting the use of -TOS is its low 
solubility in physiological media. To overcome this problem, the aim of this work is the 
preparation of new polymeric and active α-TOS-based nanovehicle with a precise control 
over its macromolecular architecture. Reversible addition-fragmentation chain transfer 
polymerization (RAFT) is used to synthesize an -TOS amphiphilic block copolymer with 
highly homogeneous molecular weight and relatively narrow dispersity. Macro-chain 
transfer agents (macro-CTA) based on poly(ethylene glycol) (PEG) of different molecular 
weights (MW, ranging from 4.6 to 20 kDa) are used to obtain block copolymers with 
different hydrophilic/hydrophobic ratios with PEG being the hydrophilic block and a 
methacrylic derivative of -tocopheryl succinate (MTOS) being the monomer that formed 
the hydrophobic block. PEG-b-polyMTOS form spherical nanoparticles (NPs) by self-
organized precipitation (SORP) or solvent exchange in aqueous media enabling to 
encapsulate and deliver hydrophobic molecules in their core. The resulting NPs are rapidly 
endocytosed by cancer cells. The biological activity of the synthesized NPs are found to 
depend on the MW of PEG, with NP comprised of the higher MW copolymer resulting in a 
lower bioactivity due to PEG shielding, inhibiting cellular uptake by endocytosis. 
Moreover, the biological activity also depends on the MTOS content, as the biological 
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4.1.2. Introduction 
The rapid growth of nanomedicine has opened the possibility to create sophisticated 
strategies against cancer and other diseases at a nanoscale where the properties of materials 
often differ from those of the corresponding bulk materials
1, 2
. As such, a wide range of 
materials based on natural or synthetic polymers are available to design self-assembled 
nanostructures
3-5
. Macromolecular self-assembly represents a spontaneous process that 
involves the organization of amphiphilic macromolecules in an aqueous environment, 
forming different supramolecular structures
6, 7
. One interesting example of this variety of 
supramolecular assemblies is nanoparticles (NPs) that exhibit a core-shell morphology 
based on the use of amphiphilic polymers with hydrophobic and hydrophilic domains
8-10
.  
The preparation of advanced nanoassemblies using amphiphilic copolymeric systems 
requires optimal control over the chemical composition and distribution of monomeric units 
into the macromolecular chains. In this sense, amphiphilic polymers can be obtained by 
different synthetic methodologies, such as free radical or controlled radical polymerization 
(CRP). Both techniques proceed via the analogous radical mechanism. However, 
conventional free radical polymerization does not allow the complete control of the 
molecular weight (MW) and therefore, heterogeneous mixtures of macromolecular chains 
are obtained. Thus, CRP methods have emerged as potent tools for the synthesis of 
macromolecular architectures that exhibit a narrow dispersity and controlled MW
11
. Among 
them, Reversible Addition-Fragmentation Chain Transfer (RAFT) polymerization is one of 
the most versatile polymerization technique because it can be applied to a great variety of 




α-Tocopheryl succinate (α-TOS) is a well-known vitamin E derivative that has been 
described as a mitochondrially targeted anticancer compound (mitocan) with anticancer and 
antiangiogenic properties
14-16
. In fact, this molecule selectively induces apoptosis of cancer 
and proliferating cells by the displacement of ubiquinone by binding to complex II and by 
the disablement of Bcl-2 or Bcl-xL antiapoptotic proteins in the mitochondria electron 
transport chain
17-19
. The combination of these complementary actions produces high levels 
of reactive oxygen species (ROS) that activate the intrinsic apoptosis cascade and therefore 
induce cell death after exposure
20
.  
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Despite the potential and attractive activity of α-TOS, its hydrophobic nature 
significantly limits its successful use in cancer therapy as it causes high toxicity and 
reduced bioavailability. For this reason, the development of α-TOS based delivery systems 
is desirable
21
. Specifically, one strategy to increase the bioavailability and stability of α-
TOS has been the conjugation of poly(ethylene glycol) (PEG), obtaining PEG1000-α-TOS 
conjugate (TPGS)
22, 23
. In fact, this macromolecule has been approved by the FDA as an 
adjuvant at concentrations lower than 0.02 wt %, and it presents an emulsification effect 67 
times higher than other surfactants such as PVA
24
. For this reason, this molecule has been 
incorporated in the formulation of biodegradable NPs based on poly(lactic-co-glycolic acid) 
(PLGA)
25-27
, polylactic acid (PLA)
28-30
 and poly(ε-caprolactone) (PCL)
31, 32
. In spite of 
enhancements in solubility, permeability and stability, TPGS-based nanoassemblies have 
important disadvantages for their use as anticancer agents. Particularly, these NPs exhibit 
cytotoxicity against nonmalignant cells without optimal selectivity toward tumour tissues or 
cancerous cells. Additionally, TPGS-based nanoformulations incorporate a limited amount 
of α-TOS into the macromolecular system and the MWs of PEG chains are not enough to 
avoid the opsonization by the reticuloendothelial system (RES)
33
. These limitations could 
be surmounted, however, through the development of an effective α-TOS delivery system. 
Our group has extensively experience in the preparation of drug delivery systems of 
hydrophobic drugs
34-37
. In fact, we recently described the preparation of amphiphilic 
copolymers of N-vinyl pyrrolidone (VP) and a methacrylate derivative of α-TOS (MTOS) 
by free radical polymerization 
38
. However, the development of self-assembling systems 
based on α-TOS with precise control over the macromolecular architecture has not been 
achieved.  For this reason, the goal of this work was the preparation of new amphiphilic 
nanoassemblies as drug delivery systems of α-TOS using PEG as a hydrophilic domain, 
PMTOS as hydrophobic block, and using RAFT as a polymerization method enabling the 
preparation of defined block copolymers (figure 1).  
The selection of PEG as hydrophilic macromolecule was based on its 
biocompatibility and non-toxicity and its capacity to create a hydrophilic shell that can 
improve the accumulation of NPs into the tumor tissues by the enhanced permeation and 
retention effect. This effect is only feasible with the use of an appropriate MW of PEG, 
higher than 3 kDa that enhances the stealth character of NPs, avoiding the RES system
33, 39
.   
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Figure 1: Chemical structure of PEG-b-polyMTOS. Scheme of the self-assembled NPs formation 
based on these block copolymers, prepared by SORP or solvent exchange. 
In this sense, the effect of PEG block length was studied by the preparation of PEG 
based chain transfer agents (PEG macro-CTA agents) with different MWs (between 4.6 and 
20 kDa). The RAFT polymerization of MTOS with these different PEG macro-CTA agents 
allowed the incorporation of a controlled number of units of its active drug into the 
macromolecular chains. The formation of self-assembled NPs by self-organized 
precipitation (SORP) was also investigated with the complete characterization of their 
physico-chemical properties. The anticancer activity of MTOS based NPs were examined 
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4.1.3. Materials and methods  
 Materials 
Poly(ethylene glycol) (PEG, number average MW (Mn) between 4.6 and 20 kDa, 
Sigma-Aldrich), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CTA, 
Sigma-Aldrich), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, 
Sigma-Aldrich), 4-dimethylaminopyridine (DMAP, Sigma-Aldrich), MgSO4 anhydrous 
(Qemical), dichloromethane (CH2Cl2, Sigma-Aldrich), hexane (SDS) and diethylether 
(SDS) were used without further purification in the preparation of different macro-chain 
transfer agent (CTA). 2,2’-Azobisisobutyronitrile (AIBN, Merck) was recrystallized from 
methanol (m.p. 104 ºC) before use. Deuterated chloroform (CDCl3, Sigma-Aldrich) and 
chromatographic grade tetrahydrofuran (THF, Sigma-Aldrich) were used without further 
purification to characterize polymeric systems. Additionally, sodium chloride (NaCl, 
Panreac) and coumarin-6 (c6, Sigma-Aldrich) were used without further purification. 




C-NMR spectroscopy was performed on a Mercury 400BB 
apparatus, operating at 400 and 100 MHz, respectively. The spectra were recorded by 
dissolving the corresponding sample in CDCl3 at 25 ºC. Fourier transform infrared 
attenuated total reflectance (ATR-FTIR) spectroscopy was performed on a Perkin Elmer 
Spectrum One FTIR spectrometer using 32 scans, and a resolution of 4 cm
-
1
.Thermogravimetric analysis was performed using a TGA Q500 apparatus (TA 
instruments), under dynamic nitrogen atmosphere at a heating rate of 10 ºC/min in a range 
of 25–600 ºC with the aim to study the thermal stability of the polymeric systems. The 
number and weight average MW  (Mn and Mw) and dispersity (Ð) of all the polymers were 
determined by size exclusion chromatography (SEC) using a Perkin-Elmer Isocratic LC 
pump 250 coupled to a refraction index detector (Series 200). Three polystyrene-divinyl 







 Å were used as the solid phase, and degassed THF (1 mL/min) was used as the 
eluent at 40ºC. Monodisperse poly(methyl methacrylate) (PMMA) standards (Scharlab) 
with MWs between 10.3 and 1,400 kDa were used to obtain the calibration curve. Data 
were analyzed using the Perkin-Elmer LC solution program.  
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 Preparation of block copolymers by RAFT polymerization  
Synthesis of the methacrylic derivative of the α-tocopheryl succinate (MTOS) 
MTOS was obtained as previously described
38
. N,N’-dicyclohexylcarbodiimide 
(DCC,1.5 equivalent) in CH2Cl2 was added dropwise to a solution of α-tocopherol (α-TOH, 
1 equivalent), mono-(2-(methacryloyloxy)ethyl) succinate (MES, 1.4 equivalent) and 
DMAP (0.1 equivalent) in CH2Cl2. The reaction was stirred for 24 h under nitrogen 
atmosphere at room temperature.  The reaction mixture was washed with NaOH (1N) and 
HCl (1N), dried over MgSO4 and the solvent was removed under reduced pressure.  
Synthesis of PEG macro-CTA agents 
The modification of the commercial 4-cyano-4-
[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid CTA was performed by EDC 
coupling in order to incorporate PEG of different MWs between 4.6 and 20 kDa. For this 
purpose, diverse PEG (1 eq) and CTA (1.2 eq) were dissolved in CH2Cl2 and introduced 
into a 250 mL round-bottom flask. Additionally, EDC (1.5 eq) and DMAP (0.12 eq) in 
CH2Cl2 were then added dropwise with constant stirring using an ice bath under a nitrogen 
atmosphere. Afterwards, the reaction mixture was stirred for 24 h at room temperature. 
The reaction mixture was washed with MilliQ water and the solvent was removed 
under reduced pressure. The resulting product was resolved in the minimal volume of 
CH2Cl2 and precipitated in a cold mixture of hexane and diethylether (50:50 v:v). After 
drying over MgSO4, the residual solvent was removed under reduced pressure until constant 
weight. The yield of the reaction was 90%. The chemical structure of the different PEG 
macro-CTA agents was elucidated by NMR spectroscopy. 
1
H-NMR spectrum (400 MHz, CDCl3): δH 4.25 (t, J = 4.8 Hz, 2H), 3.72 (t, J = 4.8 
Hz, 2H), 3.64 (s, 749H), 3.32 (t, J = 7.5 Hz, 2H), 2.65 (m, 2H), 2.52 (m, 1H), 2.37 
(m, 1H), 1.87 (s, 3H), 1.68 (quint, J = 7 Hz, 2H), 1.39 ((quint, J = 7.6 Hz, 2H), 1.33-
1.21 (m, 16H), 0.87 (t, J = 7 Hz, 3H) ppm. 
13
C-NMR spectrum (100 MHz, CDCl3): δC 171.6, 119.2, 77.5, 72.7, 71.9, 70.7, 70.5, 
70.3, 69.6, 69.1, 46.5, 37.2, 34.0, 32.1, 29.9, 29.8, 29.7, 29.6, 29.2, 29.1, 27.9, 25.0, 
22.9, 14.3 ppm. 
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ATR-FTIR spectrum (cm
-1
): υ = 2950, 2884, 2803, 2744, 2695, 2167, 1973, 1740, 




Block copolymers based on MTOS and different PEG-macro CTA agents were 
synthesized by RAFT polymerization. Particularly, PEG-macro CTA agent, MTOS, AIBN 
and  anhydrous 1,4-dioxane were sealed in a 25 mL Schlenk tube. The reaction mixture was 
degassed by three freeze-pump-thaw cycles and heated in an oil bath at 70 
o
C under 
magnetic stirring. The total monomer concentration [M], the reaction time and the feed 
molar ratio [MTOS]:[CTA]:[AIBN] were varied as a function of the PEG-macro CTA used 
for the copolymerization of MTOS (table S1, see supporting information). For the kinetic 
investigations, samples (250 µL) were taken from the polymerization mixture after different 
reaction times (30, 60, 90, 120, 180, 300 and 360 min). These samples were cooled and 
characterized using SEC and 
1
H-NMR spectroscopy.  
When the reaction time had elapsed, block copolymers were purified by dialysis 
(Spectrum Laboratories, 25 kDa MW cut-off) against a mixture of THF and water (50:50 
v:v) that was gradually replaced by distilled water over three days in order to remove the 
residual unreacted monomers and low MW  species. The resulting solutions were isolated 
by freeze-drying to yield white amorphous powders. The conversion and chemical structure 
of block copolymers were elucidated by NMR spectroscopy using MestreNova 9.0 
software. 
1
H-NMR spectrum (400 MHz, CDCl3): δH 4.46-3.88 (2xbs, 4H), 3.64 (s, 753 H) 2.89 
(bs, 2H), 2.83-2.63 (bs, 2H), 2.54 (bs, sH), 2.10-1.90(3xs, 9H), 1.84-1.62 (m, 3H), 
1.62-0.97 (m, 23H), 0.95-0.78 ppm (m, 12H). 
13
C-NMR spectrum (100 MHz, CDCl3): δC  172.1, 171.2, 171.1, 149.6, 140.7, 136.1, 
126.9, 126.3, 125.2, 123.2, 123.1, 117.6, 117.5, 77.5, 75.2, 70.8, 62.5, 45.1, 39.6, 
37.6, 37.5, 33.0, 32.9, 31.3, 29.0, 28.2, 25.0, 24.7, 23.0, 22.9, 21.3, 20.8, 20.0, 19.9, 
13.1, 12.3, 12.0 ppm. 
ATR-FTIR spectrum (cm
-1
): υ = 2954, 2927, 2899, 2871, 1737, 1666, 1581, 1521, 
1461, 1411, 1379, 1364, 1344, 1313, 1280, 1247, 1203, 1145, 1109, 1062, 996, 964, 
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 NP formation by SORP 
Surfactant-free NPs were prepared by SORP
40
 or solvent exchange. Specifically, 
block copolymers were dissolved in 1,4-dioxane at 10 mg/mL. Additionally, an aqueous 
solution of NaCl (100 mM) was incorporated drop by drop over the organic phase under 
constant magnetic stirring to obtain a final polymer concentration of 5 mg/mL.  c6 (1% w/w 
respect to the polymer) was also added to the organic phase in order to prepare NPs that 
entrapped this hydrophobic molecule in their inner core. After the precipitation, milky NP 
dispersions were dialyzed against NaCl for 72 h in order to remove organic solvents and 
unloaded c6. Afterwards, each NP suspension was sterilized by filtration through 0.22 µM 
polyethersulfone membranes (PES, Millipore Express
®
, Millex GP) and stored at 4 ºC.  
The encapsulation efficiency (EE) of c6 was measured by fluorescence spectroscopy. 
For this purpose, NPs were freeze dried and dissolved in ethanol (2 mg/mL) and their 
fluorescence was measured (λexcitation = 485 nm and λemission = 528 nm) using a Biotek 
SYNERGY-HT plate reader. The fluorescence intensity was correlated with c6 
concentration using a calibration curve at c6 concentrations between 0.5 and 0.001 mg/mL 
in ethanol.  
Morphology, particle size distribution and zeta potential   
The morphology of NPs was analyzed by scanning electron microscopy (SEM) using 
a Hitachi SU8000 TED, cold-emission FE-SEM microscope working with an accelerating 
voltage between 25 and 50 kV. Samples were prepared by deposition of one drop of the 
corresponding NP suspension (0.05 mg/mL) over small glass disks. The aqueous phase was 
evaporated at room temperature for 24 h. The samples were coated with gold palladium 
alloy (80:20) prior to examination by SEM.  
For AFM examination, a drop of NP dispersion was deposited on the surface of small 
glass disks and dried overnight at room temperature. AFM was performed in tapping mode 
using a Multimode AFM (Veeco Instruments, Santa Barbara, CA, USA) with a Nanoscope 
IVa control system (software version 6.14r1), equipped with silicon tapping probes 
(RTESP, Veeco) with a spring constant of 42 N/m and a resonance frequency of 300 KHz 
and a scan rate of 0.5 Hz.  
The particle size distribution of the self-assembled NPs was determined by dynamic 
light scattering (DLS) using a Malvern Nanosizer NanoZS Instrument  equipped with a 
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4mW He-Ne laser (λ=633 nm) at a scattering angle of 173°. Measurements of NP 
dispersions were performed in square polystyrene cuvettes (SARSTEDT) at 25 ºC. The 
autocorrelation function was converted into an intensity particle size distribution with 
ZetaSizer Software 7.10 version, to get the mean hydrodynamic diameter (Dh, by intensity) 
and the polydispersity index (PDI) between 0 (monodisperse particles) and 1 (polydisperse 
particles) based on the Stokes-Einstein equation. The zeta potential was determined for NP 
formulations at 0.5  mg/mL concentration containing 10 mM NaCl using laser Dopper 
electrophoresis (LDE). The zeta potentials were automatically calculated from the 
electrophoretic mobility using the Smoluchowski´s approximation. For each sample, the 
statistical average and standard deviation of data were calculated from 8 measurements of 
20 runs each one.  
 Biological experiments 
Cell culture  
Human metastatic carcinoma cells, MDA-MB-453 cells (ATCC), were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine 
serum (FBS), 1% penicillin/streptomycin (P/S) and incubated at 37°C and 5% CO2.  
Cellular uptake study: monitoring of coumarin-6 loaded NPs 
MDA-MB-453 cells were seeded into 6-well plate at 200,000
 
cells/mL in complete 
medium and incubated at 37 ºC for 48 h. Afterwards, the monolayer was washed with 
culture medium and subsequently incubated with the corresponding c6 entrapped NPs 
dispersed in NaCl (1000 µL of the NP suspension and 1000 µL of completed medium) at 37 
ºC. At different time points (30 min, 1, 2, 4, 6 and 8 h) , NPs were removed and cells were 
washed four times with PBS in order to efficiently remove non-endocytosed NPs by cells. 
Then, the cells were trypsinized (0.5 mL of Trysin-EDTA per well), centrifuged (10 min, 
1500 rpm) and lysed with 0.4 mL of ethanol at room temperature. The c6 concentration in 
the cell lysate was quantified by using a fluorescence plate reader (λexcitation = 485 nm and 
λemission = 528 nm). The cellular uptake was normalized to the total amount of cells for each 
sample.  
The endocytosis of NPs was also visualized using a fluorescent EVOS
®
 FL 
microscopy at the different experimental points. Particularly, the cells were fixed by a 
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paraformaldehyde solution in PBS (3.7 w/v %) for 15 min at room temperature.  In the 
same manner, cells were observed by Confocal Laser Scanning Microscopy (CLSM, LSM 
710, Zeiss) after 4 h of NP treatment. 
In vitro cytotoxicity assay 
Cell viability in the presence of different concentrations of NPs (2.5, 1.25, 0.63, 0.31 
and 0.16 mg/mL) was measured using Alamar Blue assay (Sigma-Aldrich) 
41
. Briefly, 
MDA-MB-453 cells were seeded at 35,000 cells/mL (17,500 cells/well) in 24-well plates.  
After 24 h of incubation, the medium was replaced with the corresponding NPs dispersed in 
NaCl (50:50 v/v of the NP suspension and completed medium). The plates were incubated 
at 37°C under humidified air with 5% CO2 for 24 h. Afterwards, 100 µL of Alamar Blue 
solution (10 % Alamar Blue solution in phenol red free DMEM medium) was added to all 
wells. After 4 h of incubation, the fluorescence was measured on a Biotek SYNERGY-HT 
plate reader (λexcitation = 530 nm and λemission = 590 nm). 
Statistical analysis 
Results were expressed as mean ± standard deviation. Statistical significance 
(significance level of: *: p < 0.05) was evaluated using the analysis of variance (ANOVA, 
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4.1.4. Results and discussion 
 PEG macro-CTA agents 
RAFT polymerization is one of the most attractive and effective technique to 
synthesize well-defined polymers and therefore to prepare amphiphilic block copolymers 
with a precise control of their macromolecular nature
13
. This type of radical polymerization 
involves a chain transfer agent (CTA) that is commonly formed by a thiocarbonylthio 
moiety in order to exhaustively control the uniform chain growth, the generated MWs of 
macromolecular chains and their dispersity. In fact, the selection of the most appropriate 
chain transfer agent is the key to reach an excellent control during the polymerization
12, 13, 
42
. In particular, 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid was 
selected for the polymerization of MTOS due to the presence of a carboxylic end group that 
facilitates the conjugation of PEG to obtain a hydrophilic macro-CTA agent and its 
suitability to control the polymerization of methacrylic monomers
43
.  
PEG was selected as the hydrophilic block because it is a water soluble, hydrophilic 
and biocompatible polymer that can reduce the adhesion of opsonins, avoiding the NP 
recognition by the RES and increasing the blood circulation half-life of polymeric NPs. 
Furthermore, PEG can be easily functionalized with different ligands for targeted drug 
delivery
44, 45
. Five different PEG macro-CTA agents were successfully synthesized under 
mild conditions by EDC coupling of PEG to the CTA, obtaining pure products after their 
purification. In fact, the synthesis of similar PEG based macro-CTA agents was previously 
reported in the literature
46, 47
. Particularly, EDC is one of the most widely used coupling 
agents to conjugate a carboxylic acid to an alcohol, using DMAP as a catalyst. Specifically, 
the esterification involves the activation of carboxylic acid by EDC which forms an O-
acylisourea intermediate. The most important advantage of EDC over other coupling agents 
like DCC is that the urea sub-product is readily soluble in water and can easily be removed 
by extraction, facilitating the purification of the final product
48-50
. 
The MW of PEG was varied between 4.6 and 20 kDa in order to change the length of 
this hydrophilic block and to analyse its influence on the physico-chemical properties of the 
polymeric systems and to change the hydrophilic/hydrophobic balance of the block 
copolymers. The MWs of the PEG blocks were lower than 30 kDa, and therefore they can 
be cleared from the body through renal filtration
51
. Moreover, the MW is a critical factor to 
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control the stealth properties of self-assembled systems, as will be described in the next 
sections. In this sense, the capacity to create a high-density of PEG chains on the surface of 
the NPs is diminished when its MW is lower than 3 kDa. 
The esterification of the commercial RAFT agent was confirmed using 
1
H-NMR 
spectroscopy by the appearance of the methylene protons of the PEG chains (CH2-a at 4.2 
ppm and CH2-b-d between 3.35 and 3.85 ppm) (figure S1, see supporting information). The 




Results of number average MW  (Mn), dispersity  (Ð) and the number of PEG units 
(nPEG) are summarized in table S2 (see supporting information). nPEG was quantitatively 
calculated by 
1
H-NMR spectra by considering the signals between 3.30-3.85 ppm assigned 
to 4 protons of PEG backbone chains (CH2-a, CH2-b) and the signal at 0.81 ppm which is 
due to 3 protons of CTA (CH3-19). In all PEG macro-CTA agents, Ð values were less than 
1.20 and SEC traces evidenced that the esterification allowed us to obtain monomodal and 
narrow MW distributions of the hydrophilic macro-CTA agents. All traces were shifted to 
lower elution times in comparison to the commercial PEG after their esterification. 
Additionally, SEC traces of different PEG macro-CTA agents showed tailing peaks at lower 
MW areas that are attributed to the original PEG (figure S2, see supporting information).  
Thermal degradation curves of different PEG macro-CTA agents showed a single 
weight loss step at temperatures ranging from 320 to 440 ºC. The thermal decomposition 
rate presented a maximum around 400ºC that slightly increased with the MW of PEG block 
(figure S3, see Supporting Information). 
 Synthesis of block copolymers PEG-b-polyMTOS 
The RAFT polymerization of MTOS was successfully performed with the 
synthesized PEG macro-CTA agents and AIBN as the radical initiator, using the conditions 
that were previously summarized in table S1 (see supporting information). All 
copolymerizations were performed at 70ºC in anhydrous dioxane. The total molar 
concentration (M), ratio [MTOS]:[CTA]:[AIBN], and copolymerization time were 
optimized in order to control the polymerization reaction and avoid undesired termination 
reactions during the chain growth
52
.  
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In order to prevent the gelation of the reaction product due to significant increase of 
the reaction medium viscosity, the total MTOS concentration was reduced as the MW of the 
PEG macro-CTA increased (0.5 M for CTA-PEG5, CTA-PEG8, CTA-PEG10 and 0.25 M for 
CTA-PEG12 and CTA-PEG22). Additionally, the concentration of AIBN was increased for 
the polymerizations of the highest PEG MW (CTA-PEG12 and CTA-PEG22) in order to 
counteract the effect of the reduction of the total MTOS concentration, avoiding prolonged 
reaction times. Finally, the copolymerizations were stopped at the reaction time that 
allowed to maintain a linear kinetic of the reaction with an optimal Ð, as will be 













Figure 2: 1H-NMR spectrum of PEG-71. 
Polymerization of the MTOS was confirmed using 
1
H-NMR spectroscopy by the 
disappearance of the vinyl protons of MTOS between 5.5 and 6.5 ppm and the broadening 
of the signals as a result of the macromolecular nature of the synthesized block polymers 
(figure 2). Additionally, other characteristic proton signals of MTOS could be appropriately 
assigned, confirming the presence of its chemical structure in the backbone of the 
copolymeric systems.  
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Kinetics of RAFT polymerizations 
The polymerization kinetics of MTOS with PEG macro-CTAs were investigated by 
analyzing the aliquots withdrawn from the polymerization mixture at different reaction 
times. Specifically, samples were analyzed by SEC and 
1
H-NMR spectroscopy in order to 
quantify the MW and the Ð and to determine MTOS monomer conversion, respectively. 
Specifically, the conversion of MTOS was calculated by considering the vinyl proton signal 
at 6.1 ppm that disappeared over reaction time and the signal at 0.8 ppm corresponding to 

















Figure 3: Kinetics of polymerization of PEG-b-polyMTOS copolymers. (A) Ln([M]o/[M]t) plotted 
against reaction time and (B) Mn and Ð values as a function of MTOS conversion for PEG-66 (blue), 
PEG-71 (red), PEG-76 (green), PEG-82 (orange) and PEG-87 (grey) amphiphilic block copolymers.  
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Figure 3 shows the polymerization kinetics of all synthesized block copolymers. In 
all cases, the evolution of Ln([M]0/[M]t) as the function of time revealed a linear first order 
kinetic dependence, indicating a constant free radical concentration and, thus, the absence 
of significant termination reactions. Additionally, the linear increase of Mn with conversion 
demonstrated an appropriate control over the polymerization of MTOS
12
. 
In the case of the MTOS polymerization with CTA-PEG5-10, the ratio 
[MTOS]:[CTA]:[AIBN] was maintained constant and, therefore, the concentration of 
radicals was not varied. Polymerization rates did not correlate with the PEG MW and 











Figure 4: SEC traces as a function of a time polymerization of MTOS using CTA-PEG8. 
The monomer concentration (M) was reduced when using macro-CTA agents with 
the highest MW of PEG (CTA-PEG12-22). The polymerization should not be affected by 
changing this monomer concentration. However, the polymerization volume significantly 
increased and thus, the radical concentration decreased, leading to a reduction in 
polymerization rate. For this reason, the ratio [MTOS]:[CTA]:[AIBN] was changed, 
increasing the concentration of AIBN. This modification enhanced the polymerization rate 
in spite of the reduction of monomer concentration, avoiding the gelation of reaction 
product.  
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An example of the evolution of SEC traces during the RAFT polymerization is 
included in figure 4. The traces were clearly shifted at lower elution times in comparison to 
the PEG macro-CTA agent as a function of the progression of the MTOS polymerization.  
Additionally, the SEC curves were bimodal indicating the presence of a minor fraction of 
unreacted PEG macro-CTA. This behavior is commonly observed for this type of 
polymerization, indicating that the efficiency of macro CTA agents was not complete
53, 54
. 
Finally, it is noteworthy that no high MW species were observed at low retention times, 
confirming the absence of chain coupling reactions and the appropriate control over the 
RAFT polymerization. The MW distributions were narrow as demonstrated by the 
relatively low dispersity (Ð < 1.35). 
Characterization of block copolymers 
Block copolymers were exhaustively characterized after their purification by dialysis, 
that effectively eliminated the unreacted MTOS as a result of the non-full conversion 
reached and the majority of low MW chains of the unreacted PEG macro-CTA agents. 
Table 1 summarizes the most relevant characteristics of the prepared copolymers. 
The composition of the different block copolymers was calculated based on 
1
H-NMR 
spectroscopy, using the integrals of the signals between 3.55 and 3.75 ppm assigned to 4 
protons of PEG (CH-e’, CH2-4’’’) and the signal between 1.84 and 2.2 ppm  (CH3-8a’, 
CH3-10a’, CH3-11a’) corresponding to 9 protons of MTOS (figure S4, see supporting 
information).  
The MTOS molar composition significantly decreased with increasing PEG MW, 
varying between 13 and 34 %-mol. This variable will be crucial to explain the amphiphilic 
properties of polymeric systems and their capacity to self-assembly in aqueous media, as 
will be described in the following sections. Additionally, the MWs of block copolymers 
(calculated based on 
1
H-NMR spectroscopy) were slightly lower in comparison to the 
theoretical values, being more pronounced with the increment of PEG MW of the macro 
CTA agents. This difference can be explained based on the reduction of the efficiency of 
macro RAFT agents as a function of PEG MW. In fact, the SEC traces of different 
copolymerization reactions before their purification revealed that the narrow peak at a high 
retention time, associated with the PEG macro-CTA, significantly increased with the 
number of PEG units in the macro RAFT agents (figure S5, see supporting information). In 
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the case of PEG-82, this peak overlaps with the peak of the block copolymer due to its high 
MW. After the purification of block copolymers, unreacted PEG macro-CTA 
concentrations are very low and their incorporation in the self-assembling process of 
amphiphilic macromolecules will be not favored.  
Table 1: Summary of the most relevant structural characteristics of PEG-b-polyMTOS amphiphilic 
copolymers.  
a) Determinated using 
1
H-NMR spectroscopy. 
b) Calculated applying the equation Mntheo = ([MTOS]/[CTA]*XMTOS*100*MWMTOS) + MWCTA. 
c) Determinated by SEC (THF) using PMMA standards. 
d) Measured  by TGA under nitrogen atmosphere. 
Results of Mn and Ð calculated by SEC are also shown in table 1. It is noteworthy 
that these values were significantly lower than those obtained theoretically or by 
1
H NMR 
spectroscopy. In this case, this deviation is most likely due to the PMMA calibration curve 
that was used to quantify the SEC measurements. Furthermore, Ð values were lower than 
1.35, confirming the good control of the polymerization, obtaining well-defined amphiphilic 
block copolymers. 
The thermal stabilities of block copolymers were investigated by TGA under a 
nitrogen atmosphere. The TGA curves of different block copolymers are compared in  
figure S6 (see supporting information). The weight-loss rate of all block copolymers 
presented a maximum between 380 and 403 ºC that increased with the content of PEG in 
the copolymers. Moreover, these values were lower in comparison to the maximum 
degradation temperatures of PEG macro RAFT agents due to the incorporation of MTOS. 
Sample CTA-PEG 
a)
























PEG-66 CTA-PEG5 42.9 44.4 38.8 1.35 111 58 66-34 381 
PEG-71 CTA-PEG8 54.3 54.4 48.4 1.27 177 73 71-29 394 
PEG-76 CTA-PEG10 55.6 60.3 51.8 1.23 223 71 76-24 392 
PEG-82 CTA-PEG12 59.5 67.9 50.5 1.27 266 56 82-18 404 
PEG-87 CTA-PEG22 68.5 80.2 37.7 1.29 487 73 87-13 403 
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In fact, TGA curves presented a shoulder at the temperature range from 300 to 350 
o
C that 
significantly increased with the MTOS content.  
 Characterization of self-assembled NPs 
Amphiphilic block copolymers are excellent candidates for the preparation of 
micellar drug nanocarriers. Particularly, PEG-b-poly(MTOS) family presented a precise 
architecture with two well-defined hydrophilic and hydrophobic blocks. The appropriate 
hydrophilic/hydrophobic balance of these macromolecules will give rise to the self-
organization of these polymer chains in aqueous media
7, 55, 56
. In the following sections, 
self-assembled NPs will be appointed as a function of the PEG molar composition in the 
polymeric systems. As an example, NPs prepared from PEG-71 will be labelled as NP-71. 
Surfactant-free NPs were prepared by SORP or solvent exchange. This procedure has 
advantages in comparison to other alternatives, such as the conventional nanoprecipitation. 
SORP can be used for a wide type of polymeric materials, such as block copolymers, in 
order to obtain particles from nanometers to a micrometer scale. This simple methodology 
allows the progressive organization of amphiphilic chains due to the slow addition of 
aqueous phase drop to drop, avoiding the use of surfactants or protective colloids
40, 57, 58
.  
The morphology of self-assembled NPs was confirmed by SEM and AFM. 
Representative micrographs of NP-71 are shown in figure 5. These images confirmed the 
spherical morphology of NPs. The amphiphilic NPs had a typical core-shell morphology 
with a MTOS hydrophobic core that was stabilized by a hydrophilic shell based on PEG 
chains.  
Results of the most relevant characteristic of unloaded NPs are summarized in table 
2. The preparation of stable NPs could not be achieved using the PEG-66 polymeric system, 
due to an unsuitable hydrophobic/ hydrophilic balance.  
In the other copolymeric systems, the particle size varied between 88 and 135 nm 
with optimal values of PDI, below 0.1. Additionally, particle size distributions were narrow 
and unimodal with a width less than 50 nm for all compositions (figure  5C). These results 
confirmed that the controlled polymerization of MTOS with a PEG-based hydrophilic block 
favoured the self-assembly of the macromolecular chains in aqueous media, obtaining 
defined NP sizes that are suitable for their application in cancer treatments, improving their 
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500 nm






















Figure 5: SEM (A) and AFM (B) micrographs of NP-71 polymeric systems dried from aqueous 
solution at room temperature. (C) Particle size distributions (Dh, by intensity) of unloaded NP, 
measured by DLS. Red: NP-71; green: NP-76; black: NP-82; blue: NP-87. 
It is noteworthy that the hydrodynamic diameter of NPs decreased with increasing 
PEG content in the copolymeric systems. This trend could be explained due to the presence 
of PEG in the external shell of NP that could stabilize them through inter- and 
intramolecular interactions
61, 62
. In fact, it is well-known that PEG can also form hydrogen 
bonds in the aqueous environment and its presence also has multiple advantages such as the 
effective protection of NPs against hydrolysis or enzymatic degradation and the prevention 
of their recognition by RES
63, 64
.  
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Table 2: Most relevant characteristics of unloaded and c6 loaded NPs: Hydrodynamic diameter (Dh, 
by intensity), size distribution width (Wd), polydispersity index (PDI); and zeta potential values (ζ), 
measured by DLS and LDE respectively.  
NP Sample EE (%) Dh (nm) Wd (nm) PDI  ζ (mV) 
NP-71 --- 134.9 ± 6.5 31 0.079 ± 0.012 -2.38 
NP-76 --- 110.2 ± 4.3 47 0.101 ± 0.014 -1.08 
NP-82 --- 100.8 ± 5.8 31 0.087 ± 0.011 -0.68 
NP-87 --- 87.9 ± 2.6 27 0.079 ± 0.009 -0.16 
NP-71 + c6 92.4 159.8 ± 8.8 43 0.079 ± 0.009  -0.68 
NP-76 + c6 91.2 156.8 ± 3.3 55 0.056 ± 0.008 -0.60 
NP-82 + c6 91.0 133.7 ± 4.4 62 0.044 ± 0.013 -0.51 
NP-87 + c6 90.3 90.2 ± 5.7 49 0.080 ± 0.010 -0.44 
 
Additionally, the characteristic of NPs can be regulated as a function of the chemical 
composition, MW and the block lengths of the amphiphilic copolymers. In this sense, their 
synthesis by RAFT polymerization facilitates the easy and controlled modification of these 
different variables. These changes would not be possible if other polymerization techniques 
had been used, such as conventional radical polymerization. Recently, our group described 
the preparation of amphiphilic NPs based on MTOS that were copolymerized with VP by 
free radical polymerization (poly(VP-co-MTOS))
38
. In this case, control over the 
microstructure was only possible due to the different reactivities of the amphiphilic 
monomers. As a result, NPs presented PDI values higher than 0.1 and higher distribution 
width in comparison to these block copolymers
38
. 
The organization of amphiphilic macromolecular chains into nanoassemblies affected 
the properties of the copolymeric systems. As an example, an interesting comparison of the 
thermal degradation of PEG-71 and PEG-76 and their corresponding NPs is illustrated in 
figure  6. The normalized curves of the derivative weight loss of both NP systems showed 
three defined peaks in comparison to the polymeric systems. On the one hand, the 
degradation peaks corresponding to MTOS and PEG were more defined in the NP systems. 
On the other hand, a new degradation peak appeared at an intermediate temperature. This 
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new degradation stage could be due to the interface of these NPs with a core-shell 
morphology, the formation of inter- and intramolecular interactions that facilitated the 

















Figure 6: Overlay of normalized curves of derivative weight loss of (A) PEG-71 and (B) PEG-76 
polymeric systems and their corresponding self-assembled NPs. 
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Finally, all NPs had a nearly neutral charge on their surface, exhibiting slightly 
negative zeta potential values similar to the zeta potential values in the same magnitude 
order described for other PEG nanoassemblies
65
. Such neutral charge of PEG-based NPs is 
based on the absence of the charged groups in its structure. Additionally, the neutral charge 
of NP slightly increased with the increasing of PEG number units into the NP surface. 
 Coumarin-6 monitoring 
The first step towards examining the therapeutic action of self-assembled NPs is 
characterizing the ability of polymeric systems to cross the cellular membrane of cancer 
cells in order to exert their biological activity. In this way, c6 was efficiently encapsulated 
in the core of the NPs (EE higher than 90%) and, thus, was used as a fluorescent probe to 
















Figure 7: (A) Accumulated uptake of c6 loaded NPs in MDA-MB-453 cells along 8 h after the NP 
incubation. Green: NP-71; red: NP-82 and blue: NP-87. (B) Confocal micrographs of MDA-MB-453 
cells after 5 hours in contact with c6-NP-71. Fluorescent micrographs of MDA-MB-453 cells in 2D 
culture after 30 min (C), 4 (D) and 8 hours (E) in contact with c6-NP-71. 
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The green fluorescence of c6 entrapped NPs was quantified in a MDA-MB-453 cell 
culture for 8 h after the NP incubation, also studying the effect to vary the PEG length into 
the polymeric NPs. As shown in figure 7A, the accumulation of c6 in MDA cells was 
gradually enhanced over time in all cases. This effect can be appreciated in the increment of 
fluorescence of the micrographs of cancer cells that were obtained after 30 min, 4 and 8 h in 
contact with c6-NP-71 using fluorescence microscopy (figure 7C-E). Additionally, these 
fluorescence results demonstrated that the cellular uptake was significantly diminished as a 
function of PEG composition into the NPs. In fact, the longer the PEG segment the slower 
the cellular uptake of NPs. This phenomenon is known in the literature as the “PEG 
dilemma” that significantly decreases the interaction between polymeric NPs and the cell 




After 5 h, c6-NP-71 were observed under a confocal microscopy revealing that self-
assembled nanoparticles were located inside the cytoplasm of cancer cells around the 
nucleus, probably by an endocytosis mechanism
68
. Specifically, confocal micrographs 
(figure 7B) allowed us to observe that the cellular membrane of MDA cells was clearly 
affected as a result of NP treatment. 
 Anticancer activity 
Human epidermal growth factor receptor 2 (HER2) overexpressing breast tumors 
constitute an aggressive disease subtype that results in poor prognosis
69-71
. HER2 has 
therefore emerged as a viable molecular target for disease treatment
72, 73
. Resistance to 
HER2-targeted therapies such as Trastuzumab that has emerged in the recent years
74
, 
however, warrants the development of alternative therapeutic strategies to treat HER2-
positive breast cancer. 
In vitro biological activity of block copolymer NPs was therefore evaluated against 
HER2 positive human adenocarcinoma MDA-MB-453 cells. Cell viability was assessed 
using Alamar Blue. Figure 8 shows the MDA-MB-453 cell viability after the treatment 
with different concentrations (between 2.50 and 0.16 mg/mL) of the NPs for 24 h.  
In fact, cell viability decreased in a dose-dependent manner as a function of the NP 
concentration. Particularly, cell viability was reduced to around 60% in those formulations 
with the highest MTOS content (NP-71 and NP-76 with 29 and 24 mol- % of MTOS in the 
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block copolymer, respectively) at 2.5 mg/mL. This cytotoxicity was only maintained at this 
highest NP concentration. Therefore, NP-71 and NP-76 formulations demonstrated 
anticancer activity in spite of the esterification of terminal carboxylic group of α-TOS that 
was performed in order to obtain a polymerizable methacrylic monomer. Neuzil et al. 
previously examined the mechanism of action of this mitocan and found its succinate group 
to be the functional domain that resulted in cell apoptosis due to increases in ROS within 
the mitochondria of exposed cells
16











Figure 8: MDA-MB-453 viability in the presence of different NP concentrations, measured after 24 
h with respect to the control. The diagrams include the mean, the standard deviation (n=8), and the 
ANOVA results at a significance level of *: p < 0.05. 
In contrast, NP-82 and NP-87 formulations were not cytotoxic with viabilities higher 
than 80% for all NP concentrations, in spite of their lower particle size when compared with 
NP-71 and NP-76. Our group recently described the anticancer activity of MTOS-based NP 
based on poly(VP-co-MTOS) pseudoblock copolymer
38
. The most active NP from this 
family of copolymer only presented 11 mol% of MTOS in its structure and therefore it was 
remarkable that PEG-b-PMTOS copolymers with higher content on MTOS were less 
active
38
.   
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As it was previously mentioned, PEG was selected as the hydrophilic block due to its 
well-known stealth properties that increase the circulation time in blood and its ability to 
minimize opsonization and resulting immune response. MW, surface chain density and 
conformation of PEG macromolecules are critical parameters to regulate their stealth 
properties. Particularly, MWs higher than 2000 are desired to guarantee the flexibility of 
PEG chains. The surface density directly affects the configuration of PEG chains and their 
mobility. At a high surface coverage, PEG chains have a brush configuration that 
completely covers the surface of NPs and in contrast, reduces their mobility. The PEG 
chains adopt a mushroom configuration at a low surface coverage that can facilitate the 
presence of gaps where opsonins can bind to the surface
33
.  
On the other hand, the incorporation of too much PEG prevented cellular uptake by 
endocytosis due to the PEG dilemma. In this sense, the loss of anticancer activity of 
synthesized NPs with high PEG MWs (NP-82 and NP-87 formulations) not only depended 
on the MTOS content, but also on the PEG segment length. These results suggest the 
importance of an appropriate balance between the escape from the RES system and the 
controlled cellular uptake of PEGylated NPs, adjusting the MW of PEG chain and the 
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4.1.5. Conclusions 
RAFT polymerization was used for the synthesis of amphiphilic block copolymers 
with controlled molecular weight and relatively low dispersity (Ð < 1.35) using PEG 
macro-CTAs of different molecular weights to control the radical polymerization of MTOS. 
Block copolymers PEG-b-polyMTOS were obtained after the controlled polymerization of 
MTOS with appropriate hydrophobic/hydrophilic balances to self-assemble in aqueous 
media by SORP. Bioactive NPs with unimodal size distributions and sizes between 88 and 
135 nm were obtained. These NPs were stable and were endocytosed by cancer cells as 
demonstrated by the experiments carried out with coumarin-6-loaded NPs.  Biological 
experiments revealed that the anticancer activity of self-assembled NPs significantly 
enhanced with an increase in MTOS content in the macromolecular chains and the 
reduction of PEG MW that inhibited the endocytosis of nanoassemblies. Finally, these NPs 
could encapsulate and deliver hydrophobic drug enabling combined therapy. When 
decorated with targeting moieties, these therapeutic NP formulations have the potential to 
exhibit superior cytotoxicity and selective activity in eliminating cancer cells. 
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4.1.7. Supporting information 
Table S1: Summary of experimental conditions for the synthesis of block copolymers by RAFT. 






4.6 180 0.5 [100]:[1]:[0.3] 
8 300 0.5 [100]:[1]:[0.3] 
10 300 0.5 [100]:[1]:[0.3] 
14 360 0.25 [100]:[1]:[0.5] 















H-NMR spectra of CTA-PEG8. 
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Table S2: Molecular weight (Mn) measured by 
1
H-NMR and SEC, dispersity (Ð), PEG units (n) and 





  nPEG  Mn × 10
-3




SEC (THF, PMMA standards) TGA
 
CTA-PEG5 5.2 111 5.8 1.13 397 
CTA-PEG8 8.2 177 9.8 1.10 402 
CTA-PEG10 10.2 223 11.1 1.14 404 
CTA-PEG12 12.1 266 12.5 1.11 415 
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Figure S2: Normalized SEC traces of the PEG macro-CTA agents and their corresponding PEG. 
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Figure S3: Normalized derivate weight loss of PEG macro-CTA agents. Black: CTA-PEG5; Blue: 











Figure S4: 1H-NMR spectra of MTOS. 
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Figure S5: SEC traces of PEG-71 (Red), PEG-76 (orange), PEG-82 (Green) and PEG-87 (Blue) at 
the end of the RAFT copolymerization. Solid line: before purification by dialysis and dashed line: 






                                         Chapter IV: RAFT polymer-drugs derived from α-tocopheryl succinate 
 













Figure S6: Comparative of normalized curves of derivative weight loss of PEG-71 (Red), PEG-76 
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4.2.1. Abstract  
Well-structured amphiphilic copolymers are necessary to obtain self-assembled 
nanoparticles (NPs) based on synthetic polymers. Highly homogeneous and monodispersed 
macromolecules obtained by controlled polymerization have successfully been used for this 
purpose. However, disaggregation of the organized macromolecules is desired when a 
bioactive element, such as α-tocopheryl succinate (α-TOS), is introduced in self-assembled 
NPs and this element must be exposed or released to exert its action.  
The aim of this work is to demonstrate that the bioactivity of synthetic NPs based on 
defined RAFT copolymers can be enhanced by the introduction of hydrophilic comonomers 
in the hydrophobic segment. The amphiphilic terpolymers are based on poly(ethylene 
glycol) (PEG) as hydrophilic block, and a hydrophobic block based on a methacrylic 
derivative of α-TOS (MTOS) and small amounts of 2-hydroxyethyl methacrylate (HEMA) 
(PEG-b-poly(MTOS-co-HEMA)). The introduction of HEMA reduces hydrophobicity and 
introduces ‘disorder’ both in the homogeneous blocks and the compact core of the 
corresponding NPs. These NPs are able to encapsulate additional -TOS with high 
efficiency and their biological activity is much higher than that described for the 
unmodified copolymers, proposedly due to more efficient macromolecular disaggregation 
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4.2.2. Introduction 
Current available cancer therapies based on chemotherapeutic drugs suffer from their 
inability to differentiate between cancerous versus nonmalignant cells as well as their 
inappropriate pharmacokinetics and nonspecific biodistribution
[1, 2]
. Significant deleterious 
side effects and drug resistances are also becoming more frequent
[3]
. Nanotechnology, and 
more specifically surfactant free polymeric nanoparticles (NPs), have emerged as a potent 
new class of anticancer drug delivery vehicles with higher activities, selectivity and lower 
toxicities than many existing drugs
[4, 5]
. Such nanovehicle-based platforms have multiple 
advantages that can overcome the current limitations of conventional anticancer treatments, 
for example by smartly responding to the heterogeneous and complex environment inside 
the tumors 
[3, 6, 7]
.   
NPs based on well-structured amphiphilic polymers have been obtained by self-
assembly process via phase-inversion. This process is governed by a delicate balance 
between hydrophobic and hydrophilic interactions and it is especially relevant when the 
amphiphilic polymer includes bioactive elements (e.g. drugs) covalently attached to its 
structure (polymer drug) to avoid premature leaching and release of the drug
[8, 9]
. If the drug 
is hydrophobic and forms part of a hydrophobic block, it will be concentrated in the core of 
the NPs when suspended in water, and the disaggregation of the organized macromolecules 
will be necessary to expose or release the active principle and exert its action
[10]
. The 
hydrophobic interactions between hydrophobic blocks lead to the chain organization in 
polymeric particles, and the hydrophilic repulsion contributes to the stabilization of the 
particles and to facilitate water diffusion to the interior of the NPs, that may play a critical 




There are numerous reports in the literature describing the synthesis and 
characterization of amphiphilic polymeric nanocarriers for the treatment of cancer
[12-14]
. 
However, there are not so many examples describing how the structure modification of one 
segment affects the bioactivity of the particle. In this sense, Zhang et al. prepared NPs of 
poly(styrene-b-ethylene-co-butylene-b-styrene) by microphase inversion and studied the 
effect of different concentrations of carboxylic groups in the styrene residues. They 
observed that the NPs gradually changed from a uniform and compact globule to a 
hyperbranched and loose cluster as the extension of the carboxylation increased. Moreover, 
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the cluster was broken by simple dilution of the suspension
[15]
.  Additionally, Akiyoshi et al. 
described how amphiphilic cholesteryl group-bearing pullulans formed nanogels in dilute 
conditions due to the hydrophobic interactions between cholesteryl groups
[16]
. Later, these 
authors introduced cationic groups in the cholesteryl group-bearing pullulans (cCHP) to 
efficiently deliver proteins to myeloma cells and primary CD4
+
 T lymphocytes by induction 
of macropinocytosis. The complex of the nanogel-protein dissociated and the protein was 
released inside the cell
[17]
. 
Our group described the “progressive accessibility model” to explain the zero-order 
release of hydrophobic drugs from copolymer drugs based on a hydrophobic monomer (a 
methacrylic derivative of Triflusal, THEMA) and an ionic hydrophilic comonomer (2-
acrylamido-2-methylpropano sulfonic acid, AMPS) randomly distributed and obtained by 
free radical copolymerization (poly(THEMA-co-AMPS))
[18]
. The article emphasized the 
importance of the presence of the hydrophilic monomer (AMPS) in the Trifusal release 
process. AMPS warranted the water accessibility to the THEMA residues and favored its 
hydrolysis and the release of the anti-thrombogenic compound.  
Moreover, our group also described the formation of oriented micelles by an 
amphiphilic copolymeric system based on butylacrylate (BA) and 5-methacrylamide-2-
naphthalenesulfonic acid (MANSA) (poly(BA-co-MANSA)), and stablished that its 
antiangiogenic activity was related with the self-assembled micellar morphology of the 




The aim of this paper is to demonstrate that small changes in the delicate 
hydrophilic-hydrophobic balance of amphiphilic polymer drugs (by the introduction of 
small amounts of a hydrophilic comonomer in the hydrophobic block) are important not 
only in the self-assembly process of the NPs, but also in the control of the bioactivity of the 
polymer drug and the correspondent NP. For this purpose, we obtained  reversible addition-
fragmentation chain transfer polymerization (RAFT) block copolymers based on 
poly(ethylene glycol) (PEG) as hydrophilic block, and a hydrophobic block based on a 
methacrylic derivative of α-tocopheryl succinate (MTOS) and small amounts of 2-
hydroxyethyl methacrylate (HEMA) randomly copolymerized (figure 1). 
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Figure 1: Scheme of PEG-b-polyMTOS, PEG-b-poly(MTOS-co-HEMA) and -TOS-loaded NPs 
based on PEG-b-poly(MTOS-co-HEMA) in aqueous solution. 
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-Tocopheryl succinate (-TOS) is a mitochondrially targeted anticancer compound 
(mitocan)
[20]
 that selectively induces apoptosis of cancer cells and regulates angiogenesis by 
inducing apoptosis of proliferating endothelial cells with no harm to quiescent endothelial 
cells
[21-23]
. However, the hydrophobicity of this drug significantly limits its real application 
in cancer treatments and therefore, the design of optimal and efficient drug delivery systems 
of α-TOS are an important goal to achieve
[24, 25]
.  
Our group has recently described new bioactive self-assembled NPs based on 
amphiphilic copolymers bearing -TOS with antiproliferative and antiangiogenic 
properties, and able to encapsulate hydrophobic molecules in the core. These copolymers 
were obtained by free radical polymerization of monomers with different hydrophilicity and 
reactivity
[26]
 or by RAFT 
[27]
. In this sense, RAFT is considered one of the most versatile 
living/controlled radical polymerization as it allows the design and synthesis of functional 
polymers with a well-defined architecture and controlled molecular weight (MW) with 
relatively low dispersity (Ð) 
[28, 29]
. The structural homogeneity and the amphiphilic nature 
of the obtained macromolecules allows the self-assembly in aqueous media to form 3D 
supramolecular structures when the adequate hydrophilic/hydrophobic balance is reached. 
Although the RAFT-based block copolymers PEG-b-polyMTOS presented higher 
content of -TOS than the free radical polymerized copolymers (poly(N-vinyl pyrrolidone-
co-MTOS))
[26]





 and the high stability of the NPs obtained by these highly 
homogeneous block copolymers resulting from too strong hydrophobic interactions making 
the core impermeable for water. Therefore, the new synthetic terpolymers described in this 
paper were designed in order to reduce the hydrophobicity of the hydrophobic block by 
introducing the hydrophilic comonomer HEMA (figure 1) to favor water diffusion in the 
core of the NPs, the disaggregation of the macromolecules forming the NPs, and the release 
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4.2.3. Materials and methods  
 Materials 
2-Hydroxyethyl methacrylate (HEMA, Sigma-Aldrich) was purified according to the 
literature
[32]
. 2,2’-Azobisisobutyronitrile (AIBN, Merck) was recrystallized from methanol 
(m.p. 104 ºC). Anhydrous 1,4-dioxane (Sigma-Aldrich), deuterated chloroform (CDCl3, 
Sigma-Aldrich) and chromatographic grade tetrahydrofuran (THF, Sigma-Aldrich) were 
used without further purification to synthesis and characterize polymeric systems. 
Additionally, sodium chloride (NaCl, Panreac), α-tocopherol succinate (α-TOS, Sigma-
Aldrich) and coumarin-6 (c6, Sigma-Aldrich) were used without further purification to 
prepare self-assembled NPs. 
 Characterization techniques 
1
H-NMR was performed in a Mercury 400BB apparatus, operating at 400 MHz and 
dissolving the corresponding sample in CDCl3 at 25 ºC. Fourier transform infrared 
attenuated total reflectance (ATR-FTIR) spectroscopy was obtained in a Perkin Elmer 
Spectrum One FTIR spectrometer using 32 scans, and a resolution of 4 cm
-1
. 
Thermogravimetric analysis were performed using a TGA Q500 apparatus (TA 
instruments), under dynamic nitrogen atmosphere between 25–600 ºC at a heating rate of 10 
ºC/min in order to analyze the thermal degradation of the polymeric systems.  
The number and weight average molecular weight (Mn and Mw) and dispersity (Ð) of 
the polymers were determined by size exclusion chromatography (SEC), using a Perkin-
Elmer Isocratic LC pump 250 coupled to a refraction index detector (Series 200). Three 
polystyrene-divinyl benzene columns (PLgel, Varian, Polymer Laboratories) of average 






 Å were used as solid phase, and degassed THF (1 mL/min) 
was used as eluent at 40ºC. Monodisperse poly(methyl methacrylate) (PMMA) standards 
(Scharlab) with molecular weights between 10.300 and 1.400.000 Da were used to obtain 
the calibration curve. Data were analyzed using the Perkin-Elmer LC solution program. 
 Preparation of terpolymers PEG-b-[poly(MTOS-co-HEMA) 
The methacrylic derivative of α-TOS (MTOS), the PEG macro-CTA agents (4-
cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid was conjugated to PEG 
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PEG-b-[poly(MTOS-co-HEMA)] were obtained by RAFT polymerization using 
PEG-macro CTA of 8 kDa MW (CTA-PEG8).  Two different feed molar ratios of 
methacrylic monomers were used, particularly 10 or 20 mol. % HEMA with respect to 
MTOS. In this way, CTA-PEG8, MTOS, HEMA, AIBN and anhydrous 1,4-dioxane were 
sealed in a 25 mL Schlenk tube. The reaction mixture was degassed by three freeze-pump-
thaw cycles and heated in an oil bath under magnetic stirring at 70 ºC. The total monomer 
concentration ([M]), the reaction time and the feed molar ratio [MTOS]:[CTA]:[AIBN] 
were 0.5 M, 300 min, and [100]:[1]:[0.3], respectively.  
Samples (250 μL) were taken from the polymerization after different reaction times 
(30, 60, 120 and 300 min) in order to analyse the polymerization kinetics. These samples 
were cooled and characterized by SEC to determine the molecular weight and 
1
H-NMR 
spectroscopy to calculate the composition of copolymer chains and conversion of the 
reaction. At the end of the polymerization reactions, terpolymers were purified by dialysis 
(Spectrum Laboratories, 25KDa MW cut-off)   against a mixture of THF and water (50:50 
v:v) that was progressively replaced by water during three days with the aim to remove the 
residual unreacted monomers and low molecular weight species. The resulting solutions 
were isolated by freeze-drying to yield white amorphous powders. 
 Self-assembled NPs by self-organized precipitation (SORP) 
Unloaded NPs were prepared by SORP or solvent exchange as described before 
[27, 
33]
. Briefly, an aqueous solution of NaCl (100 mM, 2 mL) was added dropwise to the 
organic solution of the polymer (10 mg/mL in dioxane, 2 mL) under constant magnetic 
stirring. The final polymer concentration was 5 mg/mL. Furthermore, the preparation of 
loaded NPs was optimized by the addition of the appropriate amount of α-TOS (10 % w/w 
respect to the polymer) or c6 (1 % w/w respect to the polymer) to the organic phase.  
Milky NPs dispersions were dialyzed against NaCl during 72 h in order to remove 
organic solvent and unloaded α-TOS or c6. Each NP suspension was then sterilized by 
filtration through 0.22 µM polyethersulfone membranes (PES, Millipore Express
®
, Millex 
GP) and stored at 4 ºC.  
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Encapsulation efficiency (EE) 
NPs were freeze dried (yield higher than 80%) in order to calculate the EE of α-TOS 
or c6, that can be defined as the ratio of calculated and theoretical amount of the drug 
entrapped in the NPs. The calculation equation is as follows: 
                      𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝐸𝐸) =  
[𝑙𝑜𝑎𝑑𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒]𝑖
[𝑙𝑜𝑎𝑑𝑒𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠]0 
 × 100                  [1] 
being [loaded molecule]i the concentration of the α-TOS or c6 encapsulated in the 
inner core of the NPs and detected experimentally, and [loaded molecule]0 the concentration 
of the molecule added in the nanoprecipitation process.  
In both cases, loaded NPs were dissolved in ethanol. The EE of α-TOS was 
quantified by absorbance spectroscopy (λ = 285 nm) using a Perkin Elmer Lambda 35 
UV/VIS spectrophotometer (calibration curve using α-TOS concentrations between 1 – 
0.001 mg/mL in ethanol). Additionally, c6 entrapped in the NPs was quantified by 
fluorescence spectroscopy (λexcitation = 485 nm and λemission = 528 nm) using a Biotek 
SYNERGY-HT plate reader, adjusting emission splits as required for the intensity 
measurements (calibration curve was obtained using c6 concentrations between 0.5 – 0.001 
mg/mL in ethanol). 
NP Characterization 
The morphology of NPs was investigated by scanning electron microscopy (SEM) 
using a Hitachi SU8000 TED, cold-emission FE-SEM microscope working with an 
accelerating voltage between 25 and 50 kV. Samples were prepared by deposition of one 
drop of the NP suspension (0.05 mg/mL) over small glass disks (12 mm diameter). After the 
evaporation of the aqueous phase overnight, the samples were coated with a gold palladium 
alloy (80:20) prior to examination by SEM.  
The hydrodynamic diameter (Dh, by intensity) and polydispersity index (PDI) of 
unloaded and α-TOS entrapped NPs was determined by dynamic light scattering (DLS) 
using a Malvern Nanosizer NanoZS Instrument  equipped with a 4mW He-Ne laser (λ=633 
nm)  at a scattering angle of 173°. Different samples were measured in square polystyrene 
cuvettes (SARSTEDT) at 25 ºC. The autocorrelation function was converted in an intensity 
particle size distribution with ZetaSizer Software 7.10 version, based on the Stokes-Einstein 
equation. The zeta potential was quantified by laser Dopper electrophoresis (LDE) using 
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NPs formulation at 0.5 mg/mL in 10 mM NaCl. The zeta potentials were automatically 
calculated from the electrophoretic mobility using the Smoluchowski´s approximation. For 
each sample, the statistical average and standard deviation of data were calculated from 8 
measurements of 20 runs each one.  
 Biological activity 
Cell culture  
Human mammary adenocarcinoma cells, MCF-7 cells (ECACC), were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine 
serum (FBS), 2% L-glutamine, 1% penicillin/streptomycin (P/S) and incubated at 37°C and 
5% CO2. Additionally, human metastatic carcinoma cells, MDA-MB-453 cells (ATCC), 
were cultured in DMEM, supplemented with 10% FBS, 1% PS and incubated at 37°C and 
5% CO2. Finally, human mammary epithelial cells, HMEpiC cells (obtained from Innoprot, 
P10891), were cultured using mammary epithelial cell medium (MepiCM, Innoprot), at 
37°C and 5% CO2.  
Uptake and intracellular location of c6 loaded NPs  
Endocytosis of c6 loaded NPs was followed by Confocal Laser Scanning Microscopy 
(CLSM) (Leica TCS-SP5 RS AOBS). For this propose, MDA-MB-453 cells were seeded 
into 24 well plates at 100,000 cells/mL, in complete medium. The cells were incubated for 
48 h at 37 ºC. Afterwards, the medium was replaced with the corresponding NPs dispersion 
in NaCl (500 µL of the NPs suspension and 500 µL of completed medium) and incubated at 
37 ºC. At different time points (30 min, 2 and 6 h), the cells were washed 3 times with cold 
PBS and fixed by a paraformaldehyde solution in PBS (3.7 w/v %) for 15 min at room 
temperature. Then, the cells were rinsed with cold PBS and observed by CLSM. The 
fluorescence intensity was measured using the quantification analysis tool that is available 
in the Leica software (Leica LAS-AF Software). 
To track the intracellular location of NPs, MDA-MB-453 cell monolayer was 
incubated with c6 loaded NPs for 6 h. Cells were washed 3 times with PBS and 
mitochondria were stained with MitoTracker
® 
Red CMXRos (Life Technologies) for 30 
min at 50 nM, and then washed 3 times with PBS. Cells were fixed using a 
paraformaldehyde solution in PBS (3.7 w/v %) for 15 min and observed by CLSM. This 
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work has been performed by the Confocal Microscopy Service of the Universidad de Alcalá 
de Henares (UAH) and the Biomedical Networking Center (CIBER-BBN), located at the 
facilities of the Cell Culture Unit. 
In vitro cytotoxicity assay 
The cytoxicity of diverse concentrations of NPs (2.5, 1.25, 0.63, 0.31 and 0.16 
mg/mL) was analyzed by Alamar Blue assay (Sigma-Aldrich) 
[34]
. For this propose, cells 
were seeded at different densities: MCF-7 at 30,000 cells/mL (15,000 cells/well), MDA-
MB-453 at 35,000 cells/mL (20,500 cells/well) in 24-well plates and HMEpiC at 80,000 
cells/mL (40,000 cells/well) in 48-well plates.   
After 24 h of incubation, the medium was replaced with the NPs dispersed in NaCl 
(50:50 v/v of the NPs suspension and completed medium). The plates were incubated at 
37°C in a humidified air with 5% CO2 for 24 h. Then, 100 µL of Alamar Blue solution (10 
% Alamar Blue solution in phenol red free DMEM medium) was added to all wells and the 
fluorescence was measured on a Biotek SYNERGY-HT plate reader (λexcitation = 530 nm and 
λemission = 590 nm) after 4 h of incubation. 
Statistical analysis 
Results were expressed as mean ± standard deviation. Statistical significance 
(significance level of: *: p < 0.05) was evaluated using the analysis of variance (ANOVA, 
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4.2.4. Results and discussion 
 RAFT polymerization: characterization of PEG-b-[poly(MTOS-co-HEMA)] 
PEG-b-polyMTOS block copolymers with a molar composition of PEG:MTOS 
66:34, 71:29, 76:24, 82:18 and 87:13 were previously reported and labelled as PEG-66, 
PEG-71, PEG-76, PEG-82 and PEG-87, being PEG-71 the best in terms of self-assembling, 
hydrodynamic characteristics and bioactivity
[27]
.  In order to change the structural 
homogeneity of these block copolymers and analyze the resulting effect on the biological 
activity, HEMA was copolymerized with MTOS (10 and 20 mol. % with respect to MTOS) 
using the PEG-CTA8 (MW of 8 kDa) at 0.5 M and 70 ºC during 5 h. Other experimental 
conditions are collected in table 1.  
Table 1: Experimental conditions and the most relevant structural characteristics of PEG-b-




















PEG-10H [90]:[10]:[1]:[0.3] 51.6 1.26 177 51 76-24 405 
PEG-20H [80]:[20]:[1]:[0.3] 47.8 1.25 177 35 80-20 407 
a) Determinated by SEC (THF) using PMMA standards 
b) Determinated using 
1
H-NMR spectroscopy  
c) Measured  by TGA under nitrogen atmosphere 
The macro CTA, PEG-CTA8, was selected due to its high compatibility towards 
methacrylic monomers and its optimal molar mass, avoiding their elimination by the 
reticuloendothelial (RES) system while still allowing clearance by renal filtration (MW cut-
off for glomerular filtration is around 30 kDa)
[35-37]
. HEMA was added to the terpolymers 
due to its excellent biocompatibility and hydrophilicity of the resulting polymer 
polyHEMA. Additionally, polyHEMA has been approved by the FDA for biomedical and 
pharmaceutical applications
[38-41]
. The methacrylic group of HEMA is linked to a hydroxyl 
ethyl moiety that is also present in the MTOS monomer. Therefore, the similar chemical 
structure in the proximity of the double-bond is expected to provide similar reactivity to 
both monomers, and a statistical copolymer will be formed with close to a random 
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distribution of HEMA in the MTOS hydrophobic block. Moreover, the HEMA monomer 
was also chosen because it is the chemical residue that will result from the hydrolysis of 
MTOS by esterases from body fluids and the release of -TOS. The complete hydrolysis of 
PEG-b-polyMTOS will thus give rise to the hydrophilic block copolymer PEG-b-
polyHEMA
[42]
.  The terpolymers were labelled PEG-YH where Y indicates the feed molar 











Figure 2: Comparison of ATR-FTIR spectra of MTOS (Red), CTA-PEG8 (Blue), PEG-10H (Grey) 
and PEG-20H (Green). 
The HEMA copolymerization was confirmed by 
1
H-NMR by the disappearance of 
the signals of vinyl protons corresponding to its methacrylate group at 5.58 ppm and 
comparison with that of MTOS protons at 5.55 ppm. The MTOS units into the 




 and the HEMA units by considering 
that 100% of the conversion was reached as the signal at 5.58 ppm disappears during the 
polymerization reaction. As a result, terpolymers with molar composition PEG:MA (MA is 
MTOS+HEMA) of 76:24 and 80:20 were obtained.  ATR-FTIR spectra of PEG-10H and 
PEG- 20H showed a characteristic O-H stretching vibration band of HEMA at 3500 cm
-1
 
(figure 2), also confirming the successful incorporation of HEMA units into the 
macromolecular chains.  
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Figure 3: Kinetics of polymerization of (A) PEG-10H and (B) PEG-20H, including the variation of 
Ln([M]o/[M]t) and Mn values as a function of reaction time and MTOS conversion.   
SEC characterization revealed that both terpolymers had a relatively narrow MW 
distribution with Ð < 1.26. The terpolymerization  kinetics are summarized in figure 3, 
showing the evolution of Ln([M]o/[M]t) and Mn values as a function of reaction time and 
MTOS conversion, respectively. In both cases, linear first order kinetic plots were obtained 
that is an indicative a constant free radical concentration and, thus, demonstrates the 
absence of significant termination reactions while the linear increase of Mn with conversion 
confirms fast initiation and absence of significant irreversible transfer reactions. 
Additionally, SEC traces at different polymerization times are compared in figure 4. As 
expected, the traces were clearly shifted to lower elution times, indicating an increase in the 
molecular weight, with increasing reaction time
[43]
. It is noteworthy that traces were 
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bimodal, due to the presence of a minor fraction of unreacted macro-CTA.  This behavior is 
commonly observed for this type of polymerizations, indicating that the efficiency of macro 
CTA agents was not complete
[44,45]
. The purification of copolymers by dialysis effectively 
eliminated the majority of low MW chains of the unreacted PEG macro-CTA agents (figure 












Figure 4: Normalized SEC traces during the polymerization of (A) PEG-10H and (B) PEG-20H.   
These results confirmed that the copolymerization with HEMA allowed to maintain 
the control of the polymerization. The HEMA monomeric units were presumably 
incorporated randomly into the MTOS based hydrophobic block polymers due to a similar 
reactivity of both methacrylic monomers, as previously commented. These structural 
modifications affected the self-assembly behavior of the copolymers and their therapeutic 
action, as will be demonstrated in the next sections. 
 Characterization of self-assembled NPs 
The incorporation of low concentrations of HEMA into the hydrophobic block of 
PEG-b-poly(MTOS-co-HEMA) allowed to obtain spherical NPs by SORP or solvent 
exchange as indicated by the very low PDI values resulting from DLS 
[33, 46]
. These NPs 
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were labelled as NP-YH where Y indicates the feed molar composition of HEMA and their 
characteristics are shown in table 2. 
Table 2: Most relevant characteristics of unloaded based on PEG-10H and PEG-20H and loaded 
NPs: Hydrodynamic diameter (Dh, by intensity), size distribution width (Wd), polydispersity index 
(PDI); and zeta potential values (ζ), measured by DLS and LDE respectively.  
NP Sample EE (%) Dh (nm) Wd (nm) PDI ζ (mV) 
NP-0 --- 134.9 ± 6.5 31 0.079 ± 0.012 -2.38 
NP-10H --- 104.2 ± 10.3 24 0.061 ± 0.002 -2.36 
NP-20H --- 144.0 ± 8.2 35 0.057 ± 0.010 -1.60 
NP-10H  + c6 89.8 115.8 ± 6.5 52 0.098 ± 0.018 - 1.86 
NP-20H  + c6 90.1 160.3 ± 7.7 46 0.106 ± 0.021 -0.98 
NP-10H  + α-TOS 75.1 123.6 ± 9.2 45 0.114 ± 0.059 -2.01 
NP-20H  + α-TOS 88.4 155.2 ± 8.3 47 0.086 ± 0.019 -1.94 
NP-71 + α-TOS 88.5 153.6 ± 7.6 39 0.122 ± 0.034 -2.26 
NP-76 + α-TOS 94.9 140.3 ± 6.6 60 0.127 ± 0.013 -1.84 
NP-82 + α-TOS 98.6 145.1 ± 5.2 44 0.075 ± 0.010 -1.29 
NP-87 + α-TOS 95.8 95.9 ± 2.3 21 0.096 ± 0.010 -1.01 
Figure 5A shows the size distributions of NP-10H and NP-20H. Both distributions 
were narrow and unimodal, as revealed by PDI values lower than 0.06. Dh of 104 and 144 
nm were obtained from NP-10H and NP-20H, respectively. NP-10H presented a lower size 
in comparison to NP-20H. This effect could be due to a balance between the formation of 
hydrogen bonds through hydroxyl groups of HEMA and the alteration of the well-defined 
structure of the block copolymers.  
This behavior was also observed by Zhang et al. for carboxylated poly(styrene -b-ethylene-
co-butylene-b- styrene)
[15]
. Dh decreased with low concentrations of carboxylic groups and 
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then increased when the concentration of carboxylic groups raised
[15]
. These sizes are quite 
appropriate for their application as drug delivery system for cancer treatment, avoiding the 
RES system and improving the uptake by cells. Slightly negative zeta potentials were 
obtained for all NPs, indicating a nearly neutral charge of the surface. This behavior has 
also been observed in other PEG nanoassemblies
[47]
. Additionally, SEM micrographs 
(figure 5B) confirmed the spherical morphology of these nanoassemblies. 
Encapsulation efficiency: α-TOS-loaded NP 
The described block copolymers are excellent candidates to encapsulate hydrophobic 
molecules in their inner core.  α-TOS-loaded NPs (10 % w/w respect to the polymer) were 
successfully prepared and characterized and the results are summarized in table  2. 
Particularly, EE was higher than 75% in all copolymeric systems. The EE was especially 
improved for the NPs with a high PEG content (EE higher than 94%), probably as a result 
of the protection and stabilization of the hydrophobic core by the PEG shell
[36]
.  
All size distributions were unimodal with low PDI values. Furthermore, the 
hydrodynamic diameters were lower than 155 nm.  NP-10H+α-TOS were significantly 
smaller than those based on NP-20H+α-TOS (figure 5C). α-TOS-loaded NPs presented 
slightly higher Dh and PDI values in comparison to analogous unloaded NPs. Moreover, no 
appreciable differences in the zeta potentials of unloaded versus α-TOS-loaded NPs were 
found. Additionally, the size of -TOS-loaded NPs based on block copolymers PEG-b-
polyMTOS decreased as a function of PEG content into macromolecular chains. As an 
example, size distributions of loaded NPs based on PEG-71 and PEG-87 are compared in 
figure 5E. It is noteworthy that the distribution curves were narrow, unimodal and were 
clearly shifted to lower Dh as a result of the stabilization of PEG chain into the shell of the 
nanoassemblies. SEM micrograph of loaded NPs from NP-87+α-TOS (figure 5F) revealed 
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Figure 5: (A) Particle size distributions (Dh, by intensity) of unloaded NP, measured by DLS. Red: 
NP-10H; Blue: NP-20H. (B) SEM micrographs of NP-10H polymeric system dried from aqueous 
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solution at room temperature. (C) and (E) Particle size distributions of  α-TOS entrapped NPs. 
Orange: NP-10H + α-TOS; Black: NP-20H + α-TOS;  Green: NP-87 + α-TOS and Purple: NP-71 + 
α-TOS;. SEM micrographs of (D) NP-10H + α-TOS and (F) NP-87 + α-TOS dried from aqueous 
solution at room temperature. 
 Uptake and co-localization of c6-loaded NP  
c6 as a fluorescent probe was efficiently entrapped in the core of the NPs (EE higher 
than 89 %), obtaining NP sizes between 115 and 160 nm and a nearly neutral charge on 
their surface (table 2). These fluorescent NPs were used to trace their cellular uptake by 
MDA-MB-453 cells. Figure 6A shows the evolution of green fluorescence intensity in 
cancer cells, including confocal micrographs after 0.5, 2 and 6 h of incubation with NP-
10H+c6. These results demonstrated that c6-loaded NPs were able to cross the cellular 
membrane of cancer cells in only 30 min. However, the intensity of fluorescence increased 
progressively after 2 and 6 h of NP treatment. Additionally, confocal images proven that the 
NPs were located inside the cytoplasm of cells, around the nucleus. According to the 
particle size of c6-loaded NPs, the endocytosis could be the most probable mechanism of 
NP uptake within cancer cells
[48]
.  
After 6 h, mitochondria of cancer cells were stained with MitoTracker
® 
Red 
CMXRos in order to examine the ability of c6-loaded NPs to accumulate inside these 
organelles. Confocal micrographs of the co-localization study using NP-10H+c6 and NP-
20H+c6 are shown in figure 6B and C, respectively. Bright orange fluorescence was 
observed as a result of the composition of green and red fluorescent images, confirming the 
co-localization of c6-loaded NPs into the mitochondria of cancer cells. According to the 
morphology of the NPs, the surface is essentially hydrophilic and constituted by PEG 
chains. c6 is incorporated in the hydrophobic core formed by copolymer segments of 
MTOS and low amounts of HEMA. It is possible that the diffusion of the fluorescent c6 
should be partially produced in the interval of the endocytosis, but from an experimental 
point of view, the MitoTracker
®
 assay represented in figure 6B and C demonstrates that 
there is an evident accumulation of the core-shell NPs in the mitochondria. Further 
experiments are being carried out with specific targeting components to investigate the 
interaction of the functionalized nanoparticles with the mitochondria.  
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Figure 6: (A) Monitoring of endocytosis of c6 loaded NP-10H, including confocal micrographs of 
MDA-MB-453 cells after 0.5, 2 and 6 h of NPs incubation.  Co-localization of c6 loaded NP-10H (B) 
and NP-20H (C) into the mitochondria of MDA-MB-453 cells by confocal microscopy. 
α-TOS acts as a competitive inhibitor of succinate dehydrogenase (SDH, complex II) 
by displacing ubiquinone (coenzyme Q) from binding to complex II in the cancer cell 
mitochondria
[49, 50]
. Therefore, the localization of the synthesized NPs inside this organelle 
could enhance their biological activity.  
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 Biological activity 
The therapeutic activity of all NPs was tested by Alamar Blue assay using two 
different breast cancer cells: luminal A human metastatic carcinoma (MCF-7) and HER2 



















Figure 7: MDA-MB-453 viability in the presence of different α-TOS entrapped NP concentrations, 
measured after 24 h with respect to the control. Cell viability of unloaded NPs is also compared for 
all copolymeric systems. (A) Red: NP-71 ± α-TOS, (B) Green: NP-76 ± α-TOS, (C) Grey: NP-82 ± 
α-TOS and (D) Blue: NP-87 ± α-TOS. The diagrams include the mean, the standard deviation (n=8), 
and the ANOVA results at a significance level of *: p < 0.05 
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It should be noted that physical mixtures of block copolymer NPs with free α-TOS 
could not be utilized as control due to insolubility of α-TOS in PBS buffer. Moreover, the 
NPs loaded with α-TOS were prepared with 10 % w/w with respect to polymer and the drug 
loading of the HEMA containing copolymers will also be slightly lower compared to the 
pure PEG-b-polyMTOS block copolymers. However, these changes are less than 10% in 
drug loading and, therefore, we have chosen to discuss the biological activity based on NP 
concentration rather than amount of α-TOS in the following. 
α-TOS-loaded NPs based on PEG-b-polyMTOS were significantly more active than 
unloaded NPs (figure 7). The biological activity of loaded NPs significantly increased as a 
function of the NP concentration and MTOS content of the block copolymers. All NP 
formulations reduced the viability below 70% at the highest NP concentration. In fact, cell 
viability was lower than 40% for NP-71 and NP-76, and 60% for NP-82 and NP-87. 
Additionally, the significant cytotoxicity of the different NP formulations was observed at 
lower concentrations until 0.63 mg/mL in comparison to unloaded NPs. The improvement 
of the antiproliferative activity of MTOS-based NPs was more significant in the case of NP-











Figure 8: MCF-7 viability in the presence of unloaded and α-TOS-loaded NP-71 at 2.5 mg/ml 
measured overtime until 72 hours. The diagram includes the mean, the standard deviation (n=8), and 
the ANOVA results with respect to control at a significance level of:  *: p < 0.05.  
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Figure 9: (A) Comparison of MCF-7 viability in the presence of NP-71, NP-10H and NP-20H 
formulations at 2.5 mg/ml, measured overtime until 72 hours. (B) Comparison of MDA-MB-453 
viability in the presence of different concentrations of unloaded and α-TOS loaded NP-10H, 
measured after 24 h. The diagram includes the mean, the standard deviation (n=8), and the ANOVA 
results with respect to control at a significance level of:  *: p < 0.05. 
The most active loaded NPs (NP-71+α-TOS) was selected to analyze its effect on 
MCF-7 viability over 72 h. In fact, the presence of additional α-TOS enhanced the 
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cytotoxicity of NP-71 formulation and this effect was more pronounced after 48 and 72 
hours (figure 8). In particular, the viability of unloaded NPs was not reduced below 70% 
within the timeframe of experimentation and a slight decrease in cell viability was only 
observed between 48 and 72 hours. In contrast, the effect of α-TOS loaded NPs was 
significantly higher after 48 hours, as the viability was reduced from 75% at 24 hours to 
35% at 48 hours, probably due to the release of the drug into the cancer cells during this 
period of time. It is noteworthy that MCF-7 cells were less sensitive than MDA-MB-453 to 
the presence of NPs. This difference could be probably attributed to the metabolic 
characteristics of MDA-MB-453 and MCF-7, regarding to the alteration of their 
mitochondria and the relative importance of glycolic metabolism for each cell line
[52, 53]
. 
The effect of the incorporation of HEMA into the hydrophobic polyMTOS block on 
the anticancer activity of polymeric formulations was evaluated on MCF-7. Figure 9A 
shows that the therapeutic action of these NPs greatly increased with the incorporation of 
HEMA monomeric units. The viability of MCF-7 cells decreased to 49 and 68% after 24 
hours for NP-10H and NP-20H, respectively. Furthermore, this effect was more evident at 
longer periods of time, reaching viabilities lower than 40% after 72 hours.   
The enhancement of therapeutic action of polymeric systems as a result of HEMA 
incorporation can be explained by considering the modification of hydrophobicity of MTOS 
based-core of NPs. In absence of HEMA, the precise control of the macromolecular 
architecture gave rise to well-organized stable nanoassemblies. However, the increase of the 
hydrophilicity of hydrophobic block, favored the therapeutic action of NPs
[54, 18]
, probably 
due to the enhancement of the water diffusion and the hydrolysis rate that represent crucial 
factors for the release of α-TOS from NPs by hydrolysis as we recently demonstrated for 
related acid-degradable thermoresponsive polymers
[55]
. 
 Unexpectedly, NP-20H (with higher content of HEMA) had a lower effect on cell 
viability than NP-10H, possibly due to a decrease in MTOS units into the hydrophobic 
block copolymers. For that reason, it maybe speculated that NP-10 had a better balance 
between the number of active MTOS and HEMA units that were randomly distributed in 
the hydrophobic block.   
The most active NPs based on PEG-10H were also evaluated against MDA-MB-453 
and the effect of loading of α-TOS in the core of the NPs was also studied. Figure 9B 
shows the MDA-MB-453 cell viability after the treatment of different concentrations of 
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unloaded and loaded NP-10H. The loading of additional -TOS into the core of NPs based 
on PEG-10H significantly improved their anticancer activity. In fact, cell viability was 
reduced to 20% at 2.5 and 1.25 mg/mL after 24 h. Additionally, the NPs were found to be 













Figure 10: HMEpiC (Blue line) and MDA-MB-453 (Red line) cell viability in the presence of 
different concentrations of NPs measured after 24. (A) NP-71, (B) NP-10H, (C) NP-71 + α-TOS and 
(D) NP-10H + α-TOS. The diagrams include the mean, the standard deviation (n=8), and the 
ANOVA results from the comparison of cancer cells and healthy cells, obtained at a significance 
level of:  
#
, *: p < 0.05. 
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α-TOS has demonstrated selectivity against cancer cells. However, the mechanisms 
involved in this selectivity are not well understood at the present. The most commonly 
accepted theory to explain this behavior is based on the difference of cellular metabolism 
between cancer and healthy cells, which is related to the levels of esterase and antioxidants 
enzymes and the mechanism to produce ROS
[56, 57]
. In particular, the levels of these 
enzymes are diminished in cancer cells, allowing the accumulation of ROS species that 
stimulate the release of cytochrome C and therefore trigger apoptosis
[58, 59]
. Furthermore, the 
negative charge of α-TOS at neutral pH could also be correlated with its selective anticancer 
activity due to the acidic pH of most solid tumors (around 6.0 – 6.5), whilst pH is neutral in 
the case of the healthy tissues
[57]
. For that reasons, the biological activity of NP-71 and NP-
10H was also measured against nontumoral HMEpiC cells in order to know if these 
nanoassemblies preserve α-TOS selectivity towards breast cancer cells. 
Nontumoral HMEpiC cells were significantly less sensitive to the presence of the 
NPs. In fact, viability of HMEpiC cells was higher than 70% in the presence of unloaded 
NPs (figure 10A and B). In the case of loaded NPs, the viability of HMEpiC only 
decreased below 70% at high NP concentrations. However, NP-10H + -TOS reduced 
MDA-MB-453 cancer cell viability to 20% at 2.5 mg/mL after 24 hours, whilst the 
HMEpiC cell viability was maintained very close to 70%. This formulation presented a high 
activity and a selective interval from 0.31 till 2.50 mg/mL (figure 10C and D).  
4.2.5. Conclusions 
The chemical incorporation of small amounts of HEMA in the hydrophobic block of 
PEG-b-polyMTOS (obtained by RAFT polymerization), to give rise to PEG-b-
(poly(MTOS-co-HEMA) terpolymers, significantly increased the bioactivity of the 
correspondent NPs (NP-10H). HEMA reduced the hydrophobicity of the polyMTOS block 
without jeopardizing NP self-assembly as the hydrodynamic diameter and polydispersity 
were maintained or even improved if compared with the NPs obtained with no HEMA 
(PEG-b-polyMTOS). The terpolymers were also able to encapsulate additional α-TOS (NP-
10H + α-TOS) with high efficiency and the resulting NPs presented the highest bioactivity 
with the highest selectivity. These results indicate that the strategy followed in this work 
increased dramatically the biological activity of α-TOS based NPs, probably by improving 
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the water accessibility to the MTOS residues and favoring its hydrolysis and the release of 
the anticancer compound. 
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Figure S1: SEC traces of (A) PEG-10H (Blue) and (B) PEG-20H (Red) at the end of the RAFT 
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5.1.1. Abstract   
The aim of this work was the generation of a multifunctional polymeric theranostic 
system that incorporate IR-780 dye, a near-infrared (NIR) imaging probe that exhibits 
photothermal and photodynamic properties; and a derivate of α-tocopheryl succinate (α-
TOS), a mitochondria-targeted anticancer compound (mitocan) with antiangiogenic activity. 
IR-780 was conjugated to the hydrophilic segment of RAFT block copolymer PEG-
b-polyMTOS to generate IR-NP, self-assembled nanoparticles (NPs) in aqueous media 
which exhibit a hydrophilic shell and a hydrophobic core. During assembly, the 
hydrophobic core of IR-NP could encapsulate additional IR-780 to give rise to derived 
subspecies which differed in the amount of encapsulated probe (IR-NP-eIR). 
Characterization and evaluation of photo-inducible properties in theranostic NPs 
synthesized were thoroughly assessed in vitro. The obtained NPs exhibited emitted NIR 
fluorescence under NIR light excitation, however IR-780 encapsulated within IR-NP-eIR 
resulted in a severe quench of the fluorescence exhibited by the RAFT copolymer 
conjugated to IR-780. Excitation by a laser emitting at 808 nm showed that IR-NP-eIR 
exhibit greater photothermal efficiency than that conducted by IR-NP. Cytotoxic activity 
exerted by IR-NP or IR-NP-eIR in MDA-MB-453 cells increased significantly after 
treatment with the NIR laser due to the photothermal and photodynamic effect of IR-780. 
However, in the case of IR-NP, phototoxic activity observed in tumor cells could not be 
attributed to the generation of lethal hyperthermia as occurs at nanomaterial concentrations 
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5.1.2. Introduction 
The future of oncology relies on the development of multifunctional theranostic 
nanosystems which combine diagnostics tests with targeted therapies and real-time 
monitoring to the therapies in a single platform
1-3
. Nanoparticles (NPs), due to their unique 
physical and chemical properties, have been exhaustively explored as platforms to deliver 
imaging and therapeutic agents to the target site. Particularly, a wide number of nanosized 
delivery vehicles have been applied for theranostic applications, including quantum dots, 
superparamagnetic iron oxides NPs, gold NPs, liposomes, or niosomes
4, 5
. Polymer-based 
NPs are expected to play a significant role in the dawning era of nanotheranostics for 
personalized medicine
4
. Polymeric NPs improve the efficacy and selectivity of entrapped or 
conjugated agents via the enhanced permeability and retention (EPR) effect or through 
active targeting with a prolonged circulation half-life and sustained drug release
1, 6
.  
Near infrared (NIR) fluorescence is used for imaging purposes in vivo due to 
extremely low absorption and autofluorescence from organic tissues in the wavelength 
range from 700 to 1000 nm. This characteristic significantly improves the image sensitivity 
(minimizing background interference) and tissue depth penetration. Particularly, NIR dyes 
absorb light of NIR wavelengths to reach an excited singlet state. Part of the energy of the 
excited singlet state would be dissipated in the form of fluorescence. Some energy of the 
excited singlet state can be transited through vibronic relaxation or other non-radiative 
transitions pathways, which will be converted into heat. If the rate of heat production 
exceeds that of heat dissipation within a tissue, the temperature would increase gradually 
promoting cellular cytotoxicity
7
. Alternatively, the excited singlet state can move to a 
lower-energy excited triplet state via intersystem crossing. Under this condition, the triplet 
state can undergo two different reactions: it can react with a substrate through electron or 
hydrogen atom transfer reactions, producing free radicals and other reactive oxygen species 
(ROS) (type I reaction); or it can transfer its energy directly to ground-state triplet oxygen 
to form excited state single oxygen (type II reaction)
8, 9
. These products induce oxidation 
reaction with nearby biomacromolecules and destruct organic tissue effectively. Therefore, 




To ascertain biosafety, it is crucial to evaluate the potential health impact of any 
nanomaterial introduced into the body. Most typical nanoabsorbers of NIR energy are 
  Chapter V: Phototherapeutic nanoparticles 
 
242 | Página  
inorganic compounds with a non-degradable nature, nonspecific biodistribution and poorly 
characterized bioretention, leading to an undetermined long-term toxicity that hinders 
clinical translation
13, 14
. Organic NIR dyes such cyanine compounds are efficient NIR-
absorbers that have high molar absorptivity, good photostability and the ability to generate 
strong fluorescence emission at the NIR range, simultaneously serving as a fluorescent 
imaging probes as well as phototherapeutic agents. With small molecular weights, NIR dyes 
usually could be excreted shortly after injection, without rendering much long-term toxicity 
concern
13, 14
. Particularly, IR-780 iodide is a lipophilic cation heptamethine dye with 
specific absorption peak at 780 nm. As result of the presence of a rigid cyclohexenyl ring in 
the heptamethine chain with a central chlorine atom, the photostability and quantum yield 
are increased in comparison to other inorganic NIR nanoabsorbers based in noble metals 
(e.g. Au, Ag, Pt), metal oxides or carbon
15
.  
The most important drawbacks for the clinical use of IR-780 iodide are poor 
solubility in physiological medium
16
 and a low tolerance in vivo experimental animals 
(e.g.,1.5 mg/kg is the maximal tolerance dose in mice)
17
. In order to overcome these 
limitations, IR-780 dye has been successfully encapsulated into polymeric multifunctional 






. However, these vehicles 
were complicated to synthesize and non-biodegradable, exhibiting photothermal properties 
that were inefficient for PTT. Recently, Yue et al. encapsulated IR-780 iodide in the inner 
core of the heparin-folic acid conjugate through ultrasonic sound method
21
. Jiang et al. used 
human serum albumin to effectively load IR-780 iodide, forming NPs by protein self-
assembly. These NPs were able to increase the aqueous solubility of the dye 1000-fold 
while the toxicity was reduced (from 2.5 mg/kg to 25 mg/kg)
17
.  
Nevertheless, the use of synthetic polymer-based nanovehicles has not been fully 
explored to effectively administer IR-780 iodide. In this sense, Yuan et al. modified the IR-
780 iodide structure using the central chlorine atom in order to conjugate a hydrophilic 
PEG2000, forming micelles that improved its water solubility
22
. The appropriate size of 
theses micelles ( ̴ 100 nm) favored its preferential accumulation into tumor area due to the 
EPR effect
23
, avoiding the opsonization of the nanomaterial by the reticuloendothelial 
system (RES)
24
 and the clearance from the body by renal filtration
25
. Nevertheless, these 
authors did not investigate the use of these PEG-based micelles as a drug delivery system to 
encapsulate hydrophobic molecules in their inner core. 
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One of the most attractive possibilities of nanoassembly designing based on 
polymeric and synthetic macromolecules, is the use of amphiphilic block copolymers that 
are typically obtained by controlled polymerization techniques
26
. In particular, our group 
has recently synthesized RAFT block copolymers based on PEG8000 and MTOS, a 
methacrylic derivative of α-tocopheryl succinate (α-TOS),  forming bioactive self-
assembled NPs for anticancer therapy
27
. The presence of a PEG-block and an appropriate 
molecular weight (MW) of the block copolymer favored the cytotoxic activity of α-TOS, a 
mitocan that selectively induces the apoptosis of malignant cells by targeting the 
mitochondria while exerting minimal toxicity towards normal cells and tissues
28
. Relatively 
slow uptake of α-TOS by malignant cells, which relies on passive diffusion, is a limiting 
point in efficient delivery of this anticancer drug
29, 30
. NPs derived from MTOS could be 
employed to entrap additional α-TOS in their inner core to significantly increase the amount 
of drug that reaches the cell interior and thereby improving its cytotoxic potential
31
. 
 The incorporation of IR-780 iodide on the surface of the polymeric NPs derived 
from MTOS could increase the selectivity of these nanosystems for cancer cells. The 
lipophilic cationic nature of IR-780 dye facilitates the penetration through the mitochondrial 
membrane which is known to have a zeta potential between -120 and -160 mV
32, 33
. Cancer 
cells typically show a more hyperpolarized mitochondrial membrane potential than 
nonmalignant cells
34, 35
. A recent work showed that IR-780 iodide has a preferential 
accumulation into the mitochondria of tumor cells
36
. Moreover, these and other authors 
discovered that IR-780 showed a high affinity for the organic anion transporter peptides 
(OATPs) that are frequently overexpressed in several tumor cell lines
36, 37
. 
 The aim of this work was the preparation of NPs based in block copolymers of 
PEG8000 and MTOS that incorporate IR-780 in order to enhance their anticancer activity by 
phototherapy and enabling real-time monitoring of target tissue by NIR fluorescence. 
Specifically, IR-780 was successfully conjugated to amphiphilic block copolymers COOH-
PEG-b-polyMTOS. Additionally, the formation of spherical NPs entrapping free IR-780 
iodide by self-organized precipitation (SORP) was investigated with the complete 
characterization of their physico-chemical properties. The photothermal properties of 
obtained nanoassemblies incorporating IR-780 were examined in detail. Finally, the 
endocytosis, anticancer and phototherapeutic activities of these theranostic NPs were 
evaluated in vitro using breast carcinoma cells (figure 1). 
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5.1.3. Materials and methods  
 Materials 
MTOS and CTA-PEG8 were obtained as previously described
27, 38
. 4-
dimethylaminopyridine (DMAP, Sigma-Aldrich), triethylamine (Et3N, Scharlau) and 
succinic anhydride (SA, Sigma- Aldrich) were used without further purification in the 
modification of PEG macro-CTA agent. 1,4-dioxane anhydrous (Sigma-Aldrich) were used 
without further purification and 2,2’Azobisisobutyronitrile (AIBN, Merck) was 
recrystallized from methanol (m.p. 104 ºC) for the RAFT polymerization. 2-[2-[2-Chloro-3-
[(1,3-dihydro-3,3-dimethyl-1-propyl-2H-indol-2-ylidene)ethylidene]-1-cyclohexen-1-
yl]ethenyl]-3,3-dimethyl-1-propylindolium iodide (IR-780 iodide, Sigma-Aldrich), 4-(4,6-
Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM, Sigma-Aldrich), 
tetrahydrofuran anhydrous (THF, Sigma-Aldrich), dimethylformamide anhydrous (DMF, 
Sigma-Aldrich) and ethanol (EtOH, Merck) were used without further purification in the 
preparation of IR-780 based polymer conjugate. Deuteraded chloroform (CDCl3, Sigma-
Aldrich) and chromatographic grade tetrahydrofuran (THF, Sigma-Aldrich) were used 
without further purification to characterize the polymeric conjugate. Additionally, sodium 
chloride (NaCl, Panreac) was used without further purification for the preparation of self-
assembled NPs. 
 Synthesis of COOH-PEG-b-polyMTOS 
CTA-PEG8 (1 equiv), SA (5 equiv) and DMAP (0.1 equiv) were dissolved in DMF 
anhydrous and added to a 50 mL round-bottom flask. Then, Et3N (10 equiv) was added 
dropwise with constant stirring using an ice bath under nitrogen atmosphere. The reaction 
mixture was kept under magnetic stirring for 24 h at room temperature. At the end of the 
reaction, CTA-PEG-COOH were dialyzed (Spectrum Laboratories, 3.5 kDa MW cut-off) 
against distilled water for 72 h. The resulting solution was isolated by freeze-drying to yield 
white amorphous powders.  
COOH-PEG-b-polyMTOS was successfully synthesized by RAFT polymerization. 
In particular, CTA-PEG8-COOH, MTOS and AIBN were dissolved in anhydrous 1,4-
dioxane and sealed in a 25 mL Schlenk tube. The total monomer concentration (M) and the 
feed molar ratio [MTOS]:[CTA]:[AIBN] were 0.5 M and [100]:[1]:[0.3], respectively. The 
reaction mixture was then degassed by three freeze-pump-thaw cycles and heated in an oil 
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bath under magnetic stirring at 70 ºC for 5 h. At the end of the polymerization, block 
copolymer was purified by dialysis (Spectrum Laboratories, 25 kDa MW cut-off)   against a 
mixture of THF and EtOH (75:25 v:v) that was progressively replaced by water during 
three days. 
 Synthesis of IR-780-PEG-b-polyMTOS conjugate 
IR-780-NH was obtained as previously described
39
. Briefly, IR-780 iodide (1 equiv) 
and piperazine (5 equiv) were dissolved in 15 mL of dry DMF. The reaction mixture was 
then stirred and refluxed for 4 h at 80 ºC. Afterwards, the solvent was removed under 
reduced pressure and the resulting product was purified by silica gel column 
chromatography using  CH2Cl2/ EtOH (10:0.5, v/v) as eluent.  
COOH-PEG-b-polyMTOS (1 equiv) was dissolved in THF anhydrous using a 50 mL 
round-bottom flask.  IR-780-NH (5 equiv) and DMTMM (10 equiv) in DMF anhydrous 
were then added to a copolymer solution with constant stirring using an ice bath under 
nitrogen atmosphere. The reaction was stirred for 24 h under nitrogen atmosphere at room 
temperature.  When the reaction time had elapsed, IR-780-PEG-b-polyMTOS conjugate 
were purified by dialysis (Spectrum Laboratories, 3.5 kDa MW cut-off) against a mixture of 
THF and EtOH (75:25 v:v) that was gradually replaced by distilled water over three days. 
The resulting solution was isolated by freeze-drying to yield green amorphous powder.  
The chemical structure of the block copolymer and IR-780-based polymer conjugate 
was elucidated by 
1
H-NMR spectroscopy in a Mercury 400BB apparatus, operating at 400 
MHz. Additionally, the number and weight average molecular weight (Mn and Mw) and 
dispersity (Ð) of the block polymer were determined by size exclusion chromatography 
(SEC) using a Perkin-Elmer Isocratic LC pump 250 coupled to a refraction index detector 
(Series 200). Three polystyrene-divinyl benzene columns (Polymer Laboratories) of 






 Å were used as solid phase, and degassed THF (1 
mL/min) was used as eluent at 40ºC. Monodisperse poly(methyl methacrylate) (PMMA) 
standards (Scharlab) with MWs between 10.3 and 1400 kDa were used to obtain the 
calibration curve. Data were analyzed using the Perkin-Elmer LC solution program.  
 Preparation of IR-780-based NPs 
Theranostic NPs were prepared by solvent exchange or SORP method. Specifically, 
2 mL of NaCl at 100 mM was incorporated dropwise over an organic dissolution (2mL of   
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THF:MeOH or THF:EtOH 50:50 v:v) of IR-780-PEG-b-polyMTOS conjugate at 6 mg/mL 
under constant magnetic stirring. The final polymer concentration was 3 mg/mL.  
Additionally, IR-780 iodide (3, 5 and 10 % w/w with respect to polymer conjugate) was 
also incorporated to the organic phase with the aim to obtain NPs that entrapped this 
hydrophobic dye in their inner core.  NP dispersions were dialyzed against an excess 
amount of NaCl solution for 72 h, followed by filtering through a 0.22 µM polyethersulfone 
membranes (PES, Millipore Express®, Millex GP).  
 Characterization of IR-780-based NPs 
The particle size distribution and polydispersity (PDI) of NPs were determined by 
dynamic light scattering (DLS) using a Malvern Nanosizer NanoZS Instrument  equipped 
with a 4mW He-Ne laser (λ=633 nm)  at a scattering angle of 173°. All measurements were 
performed in square polystyrene cuvettes (SARSTEDT) at 25 ºC. Additionally, zeta 
potential values were determined at 0.3 mg/mL NP concentration containing 10 mM NaCl, 
using laser Dopper electrophoresis (LDE) and the Smoluchowski´s approximation. For each 
sample, the statistical average and standard deviation of data were calculated from 8 
measurements of 20 runs each one.  
The morphology of NPs was analyzed by scanning electron microscopy (SEM) using 
a Hitachi SU8000 TED, cold-emission FE-SEM microscope working with an accelerating 
voltage between 25 and 50 kV. Samples were prepared by deposition of one drop of the 
corresponding NP suspension (0.03 mg/mL) over small glass disks. The aqueous phase was 
evaporated at room temperature for 24 h. The samples were coated with gold palladium 
alloy (80:20) prior to examination by SEM.  
The absorption and fluorescence properties of self-assembled NPs were measured on 
a Bioteck SYNERGY-H4 microplate reader. Particularly, the absorption spectra were 
obtained from 400-900 nm. Moreover, the emission spectra were recorded from 790 nm to 
850 nm after excitation at 770 nm.  
 Biological experiments 
Cell culture  
Human mammary gland/breast carcinoma cells, MDA-MB-453 cells (ATCC), 
derived from metastatic site, were cultured in Dulbecco’s modified Eagle’s medium 
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(DMEM), supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin 
(PS) and incubated at 37°C in a humidified air with 5% CO2 (37ºC-5%CO2). Furthermore, 
human mammary epithelial cells, HMEpiC cells (obtained from Innoprot, P10891), were 
cultured using mammary epithelial cell medium (MepiCM, Innoprot), at 37ºC-5%CO2.  
Cellular imaging studies 
Endocytosis of IR-780-NPs was followed by fluorescence microscopy (EVOS® FL 
microscope). Particularly, MDA-MB-453 cells were seeded into 24 well plates at 100,000 
cells/mL and incubated for 48 h at 37ºC-5%CO2. The complete medium was then replaced 
with the corresponding NP dispersions in NaCl (500 µL of the NPs suspension and 500 µL 
of completed medium) and incubated at 37ºC-5%CO2. At different time points (0.5, 1, 2, 5, 
6.5 and 8 h), the cells were washed with cold PBS and fixed by a paraformaldehyde 
solution in PBS (3.7 w/v %) for 15 min at room temperature. Finally, the cells were rinsed 
with cold PBS and visualized by fluorescence microscopy (EVOS® FL microscope, Cy7 
lightcube filter at λexcitation = 731 nm and λemission = 825 nm). In the same manner, cells were 
observed by Confocal Laser Scanning Microscopy (CLSM, Leica TCS-SP5 RS AOBS, 
λexcitation = 633 nm and emission spectrum between 700 and 800 nm) after 5 h of NP 
treatment. This work has been performed by the Confocal Microscopy Service of the 
Universidad de Alcalá de Henares (UAH) and the Biomedical Networking Center (CIBER-
BBN), located at the facilities of the Cell Culture Unit. 
In vitro cytotoxicity assay 
Cell viability in the presence of different concentrations of NPs (1.5, 0.75, 0.375, 
0.188 and 0.094 mg/mL) was measured using alamarBlue assay (Sigma-Aldrich)
40
. Briefly, 
MDA-MB-453 cells were seeded at 60,000 cells/mL (6,000 cells/well) in 96-well plates.  
After 48 h of incubation, the medium was replaced with the corresponding NP dispersed in 
NaCl (50:50 v/v of the NP suspension and completed medium). The plates were incubated 
at 37ºC-5%CO2 for 24 h. Afterwards, 100 µL of Alamar Blue solution (10 % Alamar Blue 
solution in phenol red free DMEM medium) was added to all wells. After 4 h of incubation, 
the fluorescence was measured on a Biotek SYNERGY-HT plate reader (λexcitation = 530 nm 
and λemission = 590 nm). 
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 Determination of phototherapeutic effect of IR-780-based NPs 
Photothermal properties in solution  
Different concentrations of IR-780-NP suspensions (0.375, 0.188 and 0.094 mg/mL) 
were incorporated to polystyrene cuvettes and exposed to 808 nm wavelength laser 
irradiation using and experimental setup described elsewhere
41
. NIR-irradiation of cell 
cultures was performed inside a thermostatically-controlled chamber (Model Stuart SI60D, 
Fisher Scientific Afora, Madrid, Spain) to establish the environmental temperature at 37 ºC. 
Temperature changes in the NPs suspension were monitored by IR thermography using a 
Testo 875-2i thermal imaging camera (Instrumentos Testo S.A, Madrid, Spain). 
Phototherapeutic effect in vitro of IR-780 NPs 
MDA-MB-453 cells were seeded into a 48 well plate at a density of 100,000 cells/ml 
per well and incubated for 24 h at 37ºC-5%CO2 . Then, cells were cultured with the medium 
containing different concentrations of NPs (0.375, 0.188 and 0.094 mg/mL). After 24 h of 
incubation, cells were washed with PBS and cultured with fresh culture medium. To 
quantify the photo-therapeutic efficacy of these NPs, cells were irradiated with a 44 
mW/mm
2
 808 nm laser for 10 min. The cells without NPs and NIR irradiation were taken as 
the negative control. Finally, viability of cells was investigated using the alamarBlue assay. 
After washing with PBS, samples were incubated inDMEM-10% FBS containing 10% (v/v) 
alamarBlue dye for 2 h at 37ºC-5%CO2. After excitation at 530 nm, emitted fluorescence at 
590 nm was quantified using a Synergy4 spectrofluorimeter. 
Statistical analysis 
Results were expressed as mean ± standard deviation. Statistical significance 
(significance level of: *: p < 0.05) was evaluated using the analysis of variance (ANOVA, 
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5.1.4. Results and discussion 
To overcome the low solubility of α-TOS in physiological media, PEG-b-polyMTOS 
with different PEG:MTOS ratios were successfully synthesized by RAFT polymerization, 
as recently described by our group
27
. These bioactive block copolymers presented the 
ability to self-assemble in aqueous media forming micellar nanoaggregates with a 
hydrophilic shell and a hydrophobic core that were able to encapsulate and transport other 
hydrophobic molecules. The synthesized NPs presented anticancer and antiangiogenic 
properties. PEG-b-polyMTOS (71:29) exhibited the highest cytotoxicity as a result of its 
highest MTOS content and the appropriate chain length of PEG macromolecules that 
facilitated the escape from the RES system, without significantly affecting the cellular 
uptake into cancer cells
27
. This balance is well-known in the literature as PEG dilemma
42
. 
Therefore, PEG-b-polyMTOS (71:29) is an excellent candidate to incorporate therapeutic 
agents in its structure with the aim to achieve superior cytotoxicity and provide them with 
new exciting features such as optical properties for diagnosis and photo-therapeutic activity.  
 Synthesis and characterization of IR-780-PEG-b-polyMTOS 
PEG-b-polyMTOS are quite attractive to incorporate therapeutic agents that increase 
their biological activity due to the presence of hydroxyl endo group of PEG that can be 
easily functionalized. In this way, CTA-PEG8 was firstly modified to introduce carboxyl 
groups, yielding pure product after its purification. The chemical structure of CTA-PEG8-
COOH was confirmed using 
1
H-NMR spectroscopy by the appearance of the methylene 
protons CH2-f at 4.25 ppm and CH2-h or CH2-i protons within range between 2.30 and 2.70 
ppm (figure 2). Other relevant characteristics of this macro-CTA are shown in the table 1. 
In particular, SEC characterization of this CTA confirmed that the incorporation of carboxyl 
groups maintained its narrow MW distribution with a Ð value of 1.12.  
CTA-PEG8-COOH was successfully used to polymerize MTOS by RAFT at 70ºC in 
anhydrous dioxane. 
1
H-NMR spectra of the synthesized polymeric system COOH-PEG-b-
polyMTOS is shown in figure 3. Polymerization of the MTOS was confirmed by the 
disappearance of the vinyl protons of MTOS between 5.5 and 6.5 ppm, the appearance of its 
characteristics proton signals and the broadening of the signals as a result of the 
macromolecular nature of the synthesized block polymers. 
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Figure 2: 1H-NMR spectra of CTA-PEG8-COOH 
After their purification by dialysis, the synthesized block copolymer was 
characterized, obtaining the results that are collected in table 1. The composition of the 
different block copolymers was elucidated by 
1
H-NMR spectroscopy, using the same 
methodology that was previously described by our group (figure 3)
27
.  According to this 
procedure, COOH-PEG-b-polyMTOS with a molar composition of PEG:MTOS 70:30 was 
obtained. Additionally, SEC characterization indicated that polymeric system presented a 
MW higher than 65 kDa with a relatively low Ð as a result of the control over the 
polymerization. 
Finally, IR-780-NH was successfully conjugated to the synthesized block copolymer 
by forming an amide bond between the amine group of the dye and the carboxyl group of 
PEG chains using DMTMM as coupling reagent. This was selected due to its several 
advantages in comparison to other reagents as EDC. In particular, DMTMM is a triazine 
derivative that facilitates an efficient one-step condensation of polymers and other small 
molecules with a high yield, easy removal of subproducts and a wide range of reaction 
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conditions regarding to the use of solvents or pH range 
43-45
. In fact, the successful 
conjugation of the dye was confirmed by 
1
H-NMR spectroscopy. As it is shown in figure 4, 
the conjugate spectrum contained peaks contributed by IR-780 dye and the polymeric 
system based in PEG. 
Table 1: Summary of most relevant structural characteristics of CTA-PEG8-COOH and COOH-
PEG-b-polyMTOS block copolymer. 
Sample 
a)
 Mn x 10
-3 b)
 Mn SEC x 10
-3






 (mol %) 
CTA-PEG8-COOH 8.2 9.9 1.12 177 --- --- 
COOH-PEG-b-PMTOS 68.3 66.6 1.40 177 75 70-30 
 
a) Determinated using 1H-NMR spectroscopy  











Figure 3: 1H-NMR spectrum of COOH-PEG-b-polyMTOS 
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Figure 4: 1H-NMR spectrum of the polymeric conjugate IR-780-PEG-b-polyMTOS 
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 Characterization of NPs based on the IR-780-PEG-b-polyMTOS conjugate  
IR-780-PEG-b-polyMTOS conjugate was able to form spherical NPs by a 
spontaneous self-assembly process where PEG hydrophilic chains were distributed in the 
external shell, stabilizing the MTOS-based hydrophobic core through inter- and 
intramolecular interactions. The most relevant characteristics of the NPs obtained from 
PEG-b-polyMTOS and IR-780-PEG-b-polyMTOS conjugate (labelled as unmodified-NP 
and IR-NP, respectively) are summarized in table 2. 
Table 2: Most relevant characteristics of unloaded and IR-780 iodide entrapped NPs, including 
hydrodynamic diameter (Dh, by intensity), polydispersity index (PDI); and zeta potential values (ζ), 




% Load Dh (nm) PDI ζ (mV) 












3 110.2 ± 6.4 0.160 ± 0.017 9.2 
IR-NP-eIR5 5 134.6 ± 5.8 0.150 ± 0.012 12.6 
IR-NP-eIR10 10 167.2 ± 8.3 0.253 ± 0.023 15.7 
IR-NP exhibited an average hydrodynamic diameter of 178.4 ± 11.8 nm when a 
mixture of THF:MeOH (50:50 v:v) was used during the precipitation by solvent exchange. 
However, the replacement of MeOH by EtOH allowed obtaining IR-NP of reduced size and 
PDI, probably due to the improved solubility of the polymeric conjugate incorporating IR-
780 (figure 5A). Additionally, IR-NP dispersions had zeta potential values around +3 mV, 
demonstrating the presence of the IR-780 lipophilic cation in the external shell of the NPs. 
The positive charge of NPs incorporating IR-780 dye has been described for other authors. 
In this sense, Yuan et al. conjugated IR-780 iodide to the chemical structure of PEG2000, 
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obtaining micelles with a zeta potential around +8 mV
22
. Finally, the SEM micrograph of 










Figure 5: (A) Particle size distributions (Dh, by intensity) of IR-NP as a function of the organic 
phase used during the SORP method using NaCl as aqueous phase in both cases, measured by 
Dynamic Light Scattering. Blue: THF:MeOH; Red: THF:EtOH. (B) SEM micrograph of IR-NP dried 
from aqueous solution at room temperature. Scale bar: 500 nm. 
Self-assembled IR-NP with additional load of IR-780 iodide in their inner core were 
successfully synthesized in order to combine the chemical conjugation and the physical 
entrapment of the NIR-dye in a single nanotheranostics platform. These NP derived from 
IR-NP were appointed as a function of the feed percentage of IR-780 iodide entrapped: IR-
NP-eIR3, IR-NP-eIR5 and IR-NP-eIR10 for a 3, 5 or 10 % w/w with respect to polymer 
conjugate, respectively. As it is shown in table 2, particle size and zeta potential values 
increased with the amount of IR-780 iodide loaded. However, the average particle size 
remained below 170 nm, encouraging their use for cancer therapy.  
 Optical properties of NPs based on IR-780-PEG-b-polyMTOS conjugate 
The formation of self-assembling NPs significantly affected the optical properties of 
the NIR dye conjugated to COOH-PEG-b-polyMTOS. In particular, this polymeric 
conjugate exhibited a maximum emission peak at 810 nm (figure 6A). However, the 
emission intensity significantly decreased after the incorporation of aqueous media by 
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SORP and the purification of NPs by dialysis, probably due to the hydrophilic media 
significantly screened off the fluorescence of the dye. However, photostability of IR-NP in 
aqueous media at 37 ºC was optimal, being stable during 1 week (figure 6B), what is 
















Figure 6: (A) Fluorescence spectra of IR-780-PEG-b-polyMTOS conjugate and IR-NP before and 
after their purification by dialysis. (B) Photostability of IR-NP at 37 ºC. Comparison of absorbance 
(C) and fluorescence spectra (D) of IR-780 bearing NPs. Green: IR-NP and red: IR-NP-eIR5. 
The encapsulation of additional IR-780 iodide in the inner core of IR-NP 
significantly modified their optical properties. As an example, the absorption and emission 
spectra of IR-NP and IR-NP-eIR5 are compared in figure 6C-D. The maximum absorbance 
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of IR-NP-eIR5 was higher in comparison to IR-NP; however, the emission intensity was 
severely quenched by the self-aggregation of the dye that led to a significant energy transfer 
between the dye molecules. In fact, Shimizu et al. successfully entrapped the cyanine dye 
IC7-1, which has florescence signals in the NIR region, in the core of amphiphilic 
lactosomes based on poly(sarcosine)-b-poly(L-lactate). These authors demonstrated that the 




 Cellular imaging studies 
The endocytic fate of IR-NP in tumor cells was studied exploiting the NIR-
fluorescence properties of the IR-780 dye. MDA-MB-453 cells were exposed to IR-NP and 
excited with NIR-light at different time points along 8 h of incubation at 37ºC (figure 7A). 
Fluorescence measurements in the NIR range demonstrated that fluorescence intensity 
detected in the cell culture increased gradually with time of exposure to IR-NP. CLSM 
images of cells treated with IR-NP for 5 h showed that IR-780 dye was uniformly 
distributed in the cytoplasm but excluded from the cell nucleus (figure 7B). These results 
demonstrated that IR-NP were rapidly incorporated in cancer cells, allowing sustained real-
time monitoring by imaging techniques. 
According to the literature, the majority of NPs with sizes between 100 and 200 nm 
enter into cells via endocytosis pathways and accumulate within intracellular vesicles
46
. 
This process is strongly influenced by the surface change of the nanovehicle, among others. 
As previously mentioned, IR-NP and IR-NP-eIR had positive surface charge as a result of 
the lipophilicity of the dye. For this reason, the uptake of these NPs and their access to the 
interior of the mitochondria could be favored in tumor cells due to the hyperpolarization of 
cell and mitochondria membranes
32, 47-51
. Furthermore, other cellular mechanisms could be 
related to the uptake of NPs incorporating IR-780. In this way, Zhang et al. have 
exhaustively investigated the influence of organic anion transporter peptides (OATPs) that 
are overexpressed in various human cancer tissues as well as in cancer cell lines. These 
authors demonstrated that the uptake of the NIR-dye could be mediated by these peptides 
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Figure 7: (A) NIR epifluorescence micrographs of MDA-MB-453 cells after 0.5, 5 and 8 h of 
incubation with IR-NP. (B) CLSM micrographs of MDA-MB-453 cells after 5 h of incubation with 
IR-NP. 
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 In vitro cytotoxicity 
To study the cytotoxic effects of IR-NP or IR-NP-eIR in cancer cells, we used 
alamarBlue assay with MDA-MB-453 cells exposed to the nanoassemblies. For this 
purpose, IR-NP-eIR5 formulation was selected due to their optimal balance between the IR-
780 iodide entrapped in their inner core and the particle characteristics regarding to their 
size, surface charge, and concentration of NIR dye.  
As shown in figure 8, 2.5 mg/mL of unmodified-NP reduced by 35 % the metabolic 
activity of cell culture after 24 h. However, 0.188 mg/mL of IR-NP or IR-NP-eIR5 was 
sufficient to reduce cell viability to levels below 70% after the same period of incubation. It 
is noteworthy that the encapsulation of additional IR-780 iodide in the core of IR-NP 
increased significantly the cytotoxicity of the nanomaterial when used at concentrations ≥ 












Figure 8: Viability of MDA-MB-453 cells incubated with indicated concentrations of unmodified-
NP, IR-NP and IR-NP-5 for 24 h. The data shown are mean ± S.D. (error bars) relative to the 
metabolic activity detected in untreated cells. Statistical significance level was established at a p-
value < 0.05 (*). 
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Figure 9: Viability of HMEpiC (●) and MDA-MB-453 (■) cells exposed to the indicated 
concentrations of IR-NP and IR-NP-eIR5 for 24 (A and B), 48 hours (C and D) and 72 h (E and F). 
The data shown are mean ± S.D. (error bars) relative to the metabolic activity detected in untreated 
cells (*). The diagrams include the ANOVA results for each NP formulation with respect to control 
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(*) and from the comparison of viability of cancer and nonmalignant cells (#) at a statistical 
significance level of p < 0.05. 
Figure 9 shows metabolic activity of MDA-MB-453 and nonmalignant HMEpiC 
cells incubated with IR-NP or IR-NP-eIR5 for 72 h. The cytotoxicity of both NP 
formulations was higher with increasing dose of nanomaterial and the incubation time. 
HMEpiC cells were also sensitive to the cytotoxic activity of NPs incorporating IR-780. 
However, HMEpiC cells were more sensitive to the presence of IR-NP-eIR5 in the growth 
medium than MDA-MB-453 cells. These results indicated that encapsulation of additional 
amounts IR-780 dye in the structure of NPs based in IR-780-PEG-b-PMTOS  conjugate 
hinders its cytotoxic selectivity toward tumor cells
27
. 
 Photothermal properties of NPs based on IR-780-PEG-b-polyMTOS conjugate 
To investigate the photothermal properties of NPs based on IR-780-PEG-b-
polyMTOS conjugate, aqueous solutions of IR-NP and IR-NP-eIR5, containing 
concentrations of nanomaterial lower than the IC50 values obtained for MDA-MB-453 
cells, were irradiated using a NIR laser emitting at 808 nm. As control, unmodified-NP 
diluted in aqueous solution at 0.375-0.094 mg/mL were subjected to the same NIR 
treatment. Analysis of infrared thermal images revealed that the presence of 0.375 mg/mL 
of IR-NP increased the temperature of the medium by 2.15 ºC after 5 min of NIR irradiation 
(figure 10B). This temperature rise, that slightly exceeded the heating level occurring in the 
sample by the laser scattering and minimum NIR energy absorption in the aqueous media, 
could not be detected in solutions containing 0.375 mg/mL of unmodified NPs (figure 10A) 
or lower concentrations of IR-NP. It is well known that the confinement of NIR dyes within 
NAs can significantly enhance the efficiency of PTT
12
. 
 As it is shown in figure 10C, thermal curves obtained by IR thermography of IR-
NP-eIR5 dispersions showed a rapid increase in the temperature of the samples during the 
first 2 min of NIR-irradiation that gradually reached a steady level. NIR irradiation of IR-
NP-eIR5 samples in the range of concentration tested produced a temperature rise 
significantly higher than that detected in the IR-NP counterparts. For example, NIR 
irradiation of solution containing 0.375 mg/mL of IR-NP-eIR5 induced an average net 
increase of 21.2ºC in the temperature of the sample while, as described above, the same 
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concentration of IR-NP could only raise the temperature of the solution 2.15 ºC above the 



















Figure 10: Photothermal properties of NPs based in the IR-780-PEG-b-polyMTOS conjugate. 
Aqueous solutions containing the indicated dose of unmodified-NPs (A), IR-NP (B) or IR-NP-eIR5 
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(C) were exposed to NIR-laser emitting at 44 mW/mm
2
 for 5 minutes and monitored by IR-
thermography at the indicated time points. The graph shows the maximum temperature rise detected 
in the sample during laser treatment. Images show the IR thermography of solutions containing (+) or 
not (-) 0.375 mg/mL of NPs during NIR-treatment for the indicated times. Data are expressed as 
mean ± S.D.   
 Phototoxicity of NPs based on IR-780-PEG-b-polyMTOS conjugate 
In order to investigate the phototherapeutic properties of NPs formulations based on 
IR-780-PEG-b-polyMTOS conjugate, MDA-MB-453 cells were incubated with IR-NP or 
IR-NP-eIR5 for 24 h and then irradiated with 808 nm NIR laser for 10 minutes. Metabolic 
activity measurements in MDA-MB-453 cells after 24 h of the NIR treatment are 













Figure 11: Metabolic activity of MDA-MB-453 cells incubated for 24 h with IR-NP (A) or IR-NP-
eIR5 (B), then exposed (red) or not (blue) to NIR-laser irradiation at 44 mW/mm
2
 for 10 min and 
further incubated at 37ºC-5%CO2 for 18 h in the absence of NPs. The data shown are mean ± S.D. 
(error bars) relative to the metabolic activity detected in untreated cells not exposed to NIR laser.  The 
diagrams include the ANOVA results for each NP formulation with respect to control (*) and from 
the comparison of the metabolic activity of nonirradiated and irradiated  cells (#) at a statistical 
significance level of p < 0.05. 
  Chapter V: Phototherapeutic nanoparticles 
 
264 | Página  
Laser treatment of cells preincubated with NP suspensions drastically reduced their 
metabolic activity in a dose-dependent manner. The dose of 0.094 mg/mL of IR-NP was 
sufficient to reduce by more than 60% the viability of the cell culture treated with NIR 
(figure 11A), while 0.375 mg/mL of NPs produced a negligible metabolic activity (< 0.6%) 
relative to unirradiated control. MDA-MB-453 cells, preincubated with an equivalent 
concentration range of IR-NP-eIR5, showed a marked decline in viability which was 
reinforced by the NIR-laser treatment to achieve metabolic activity levels similar to those 
found in cells exposed to IR-NP and NIR-light (figure 11B). 
As described above, photothermal behavior of synthesized NPs species derived from 
IR-780-PEG-b-polyMTOS was quite different. For the range of tested doses, IR-NP-eIR5 
was very efficient at transducing NIR-energy into heat, most likely due the spatial 
confinement of  high amounts of NIR-probe inside the nanoassembly 
12
. By contrast, 
aqueous solutions of IR-NP showed a very poor ability to dissipate heat to the environment 
after the exposure to incident NIR-light. Hence, other mechanism different to hyperthermia 
may be responsible of the cytotoxicity enhancement observed after NIR-laser irradiation of 
cells incorporating IR-NP (figure 11).  
We hypothesized that NIR irradiation of IR-NP results in byproducts which have a 
superior cytotoxic activity in tumor cells. To test this hypothesis, unmodified-NPs or IR-NP 
suspensions were irradiated with the NIR laser for 10 min and then immediately added to 
cultures of MBA-MD-453 cells. Metabolic activity measurements obtained after 18 h of 
incubation at 37ºC showed that NIR irradiation of unmodified-NPs did not significantly 
altered their biological activity (figure 12A). However, laser treatment of IR-NP 
significantly reduced the cytotoxic potential observed in vitro for the range of concentration 
tested (figure 12B). This finding, as opposed to the hypothesis initially raised, could be 
closely related to the photobleaching experienced by IR-NP preparations exposed to the 808 
nm laser, and indicated that cytotoxic activity of low concentrations of IR-NP depends 
largely on the persistence of intact IR-780 dye (figure 12C). 
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Figure 12: Metabolic activity of MDA-MB-453 cells incubated with solutions of unmodified-NP 
(A) or IR-NP (B)  previously irradiated (grey) or not (green) with NIR-laser emitting at 44 mW/mm
2
 
for 10 min. (C) Photograph shows NPs solutions of 0.375 mg/mL, subjected (+) or not (-) to the NIR-
laser treatment. The data shown are mean ± S.D. (error bars) relative to the metabolic activity 
detected in untreated cells. The diagrams include the ANOVA results for each NP formulation with 
respect to control (*) and from the comparison of the metabolic activity of nonirradiated and 
irradiated  cells (#) at a statistical significance level of p < 0.05. 
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Figure 13 compares the metabolic activity detected in MDA-MB-453 cells that were 
incubated with unmodified-NP or IR-NP for 24 h, subjected to NIR-laser treatment for 10 
min and further incubated 18h at 37ºC in the absence of NPs. Cell viability measurements 
show that increasing concentration of unmodified-NP did not altered significantly the 
metabolic activity after NIR irradiation, which was similar to that detected in cell cultures 
not exposed to NPs. Taken all together, these results suggest that cytoxicity exerted by low 
concentrations of IR-NP depends on the presence of intact IR-780 dye, discarding that NIR 
energy would produce a permanent change in the polymer structure that resulted in an 











Figure 13: Metabolic activity of MDA-MB-453 cells incubated for 24 h with IR-NP (left) or 
unmodified-NP (right), then exposed to NIR-laser irradiation at 44 mW/mm
2
 for 10 min and further 
incubated at 37ºC-5%CO2 for 18 h in the absence of NPs. The data are expressed as the ratio of 
metabolic activity detected in NIR-irradiated to nonirradiated samples. 
A plausible justification for the phototoxicity exhibited by IR-NP formulation, which 
did not depend on hyperthermia, is the appearance of a photodynamic effect where the NIR-
dye behaves as a photosensitizer (Ps). Thereby, the photochemical reactions triggered by 
this photoactivated dye may involve the generation of ROS with a short lifetime that 
immediately reacts with vital biomolecules and causes the damage of tumor cells
11, 53, 54
. In 
this sense, Jiang et al. investigated the phototherapeutic effect of IR-780 encapsulated in the 
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core of biodegradable human serum albumin NPs (HSA-NP). These authors demonstrated 
that IR-780-HAS-NP simultaneously produced hyperthermia and a photodynamic effect 
mediated by the generation of a high amount of ROS species
17
. On the other hand, Weber et 
al., demonstrated in a previous study that the high sensitivity of malignant cells to α-TOS 
effects is based on its ability to efficiently induce the mitochondrial signal transmissions 
mechanisms, including ROS generation, which trigger apoptosis
55
. The propensity for cells 
to accumulate ROS in a prerequisite before they can be killed by α-TOS
56
 and is at least one 
of the reasons for the selectivity of vitamin E analogues for cancer cells
57
, which commonly 
express lower levels of anti-oxidant enzymes such as the manganese superoxide dismutase 
(MnSOD) than normal cells
58
. Normal cells are well protected against α-TOS toxicity 
through mechanisms of resistance including higher expression of the anti-apoptotic Bcl-2 
family proteins and decreased accumulation of ROS
57
. 
Future experiments will focus on elucidating the existence of a synergistic 
relationship between the cytotoxic activities exerted by the methacrylic derivative of α-TOS 
and the photosensitization of IR-780 in the context of cancer cells that internalized 
nanoassemblies based in the IR-780-PEG-b-polyMTOS conjugate. 
5.1.5. Conclusions 
IR-780 dye was conjugated to PEG-b-polyMTOS copolymer to obtain NIR-fluorescent 
NPs by SORP occurring in aqueous medium. These NPs were efficiently internalized by 
MDA-MB-453 cells inhibiting the viability of the cell culture. The conjugation of IR-780 to 
the surface of PEG-b-polyMTOS copolymer reduced the specificity for tumor cells exhibited 
by unmodified-NP. During the self-assembly of IR-NP, physical encapsulation of additional 
IR-780 was possible by the hydrophobic core resulting in the generation of IR-NP-eIR with a 
modulable content in NIR-probe. NIR-fluorescence exhibited by IR-NP-eIR was severely 
quenched by their cargo, however, they showed a higher capacity to transduce into heat 
electromagnetic energy delivered by a NIR laser emitting at 808 nm than IR-NP, which 
showed very poor photothermal efficiency. However, IR-NP severely reduced the metabolic 
activity of tumor cells that incorporated them and were treated with NIR-laser. This phototoxic 
activity, independent of the induction of lethal hyperthermia or the generation of toxic 
photodegradation byproducts, could be related to photodynamic events conducted by IR-780 
after NIR-irradiation. Finally, we hypothesize the establishment of a synergistic interaction 
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between the IR-780 and the methacrylic derivative of -TOS during NIR irradiation, which 
enhances their cytotoxic potential. 
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VI. Resultados y aportaciones 
Fruto del trabajo experimental desarrollado en la presente tesis doctoral, se han 
elaborado los trabajos científicos recogidos en los capítulos anteriores y que tienen como 
finalidad global la preparación y completa caracterización de nanovehículos poliméricos 
portadores del fármaco anticancerígeno succinato de α-tocoferilo o succinato de la vitamina 
E (α-TOS) para el tratamiento selectivo del cáncer. A continuación, se resumen los 
resultados y aportaciones más relevantes recogidos en los diferentes trabajos científicos, 
haciendo especial hincapié en la estrecha relación existente entre ellos así como en su 
conjunto, encaminados a lograr con éxito el propósito final de la presente tesis doctoral. 
CAPÍTULO III: Bioactive nanoparticles based on free radical copolymers of 
vitamin E derivatives 
 Capítulo 3.1- Anticancer and antiangiogenic activity of surfactant-free 
nanoparticles based on self-assembled polymeric derivatives of vitamin E: 
structure – activity relationship. 
La falta de efectividad y la alta toxicidad de los actuales tratamientos contra el cáncer 
han posibilitado el desarrollo de nuevos fármacos anticancerígenos que basan su acción en 
las diferencias metabólicas encontradas entre células tumorales y células no patológicas. Un 
ejemplo de este tipo de moléculas bioactivas es el α-TOS que ha sido descrito como un 
mitocan (del inglés, mitochondrial targeted anticancer drugs) que induce selectivamente la 
muerte celular programada o apoptosis en un gran número de células tumorales y células 
endoteliales en proliferación, vía mitocondrial. Neuzil et al. han dividido  su estructura en 3 
dominios: el dominio de funcionalización (grupo succinato) que consideran el principal 
responsable de su actividad, el dominio de señalización (grupo cromanol) y el dominio 
hidrofóbico (cadena alifática lateral). Sin embargo, la alta hidrofobicidad y, por tanto, la 
baja solubilidad en medio acuoso de esta molécula limita drásticamente su aplicación real 
para la terapia contra el cáncer, sin superar a día de hoy estudios de investigación in vivo.  
En  este sentido, el avance de la nanomedicina y en concreto de los sistemas 
nanoestructurados en forma de nanopartículas (NPs) puede representar una solución 
atractiva a los problemas de administración de este fármaco, aún por resolver de forma 
efectiva. Por ello, el objetivo de este primer trabajo científico fue la preparación de un 
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nanovehículo polímero que incorporase α-TOS en su estructura para el tratamiento selectivo 
y eficaz del cáncer.   
En esta publicación, se abordó en primer lugar la síntesis del derivado metacrílico del 
α-TOS (MTOS) que se obtuvo con éxito con un rendimiento del 90%. Para establecer 
posteriormente una relación entre la estructura de este monómero y su actividad biológica, 
se prepararon además otros tres derivados metacrílicos más: MVE caracterizado por la 
ausencia del grupo funcional succinato, SPHY que no disponía del grupo cromanol o de 
señalización y el MPHY que carecía de ambos grupos en su estructura química.  
Para la preparación de los sistemas nanoestructurados basados en conjugados 
polímero-fármaco, el primer paso fue la correcta elección de un comonómero que 
permitiera modular el marcado carácter hidrofóbico de los monómeros metacrílicos 
previamente sintetizados. Tras un exhaustivo estudio,  se decidió utilizar la  N-vinil-
pirrolidona (VP) por sus óptimas propiedades físico-químicas, excelente biocompatibilidad 
una vez polimerizado y su naturaleza hidrofílica que dotaría a los conjugados poliméricos 
de la naturaleza anfifílica necesaria para la posterior formación de las NPs. Así pues, se 
prepararon satisfactoriamente las diferentes familias de copolímeros (poli(VP-co-MTOS), 
poli(VP-co-MVE), poli(VP-co-SPHY) y poli(VP-co-MPHY)) por polimerización radical 
convencional en disolución.  
Las  familias de copolímeros fueron exhaustivamente caracterizadas de forma que su 
estructura química se confirmó por resonancia magnética nuclear (NMR, del inglés nuclear 
magnetic resonance). Esta misma técnica experimental permitió conocer con exactitud la 
composición de los diferentes copolímeros preparados. De esta forma, resultó 
especialmente llamativo cómo el contenido en MVE en los copolímeros poli(VP-co-MVE) 
era significativamente superior con respecto a la alimentación. Además, a diferencia del 
resto de las familias poliméricas sintetizadas, no se obtuvieron polímeros en todo en rango 
de composiciones de forma que el rendimiento de la polimerización disminuía 
drásticamente con el contenido en MVE en los polímeros (rendimiento inferior al 60 % 
cuando la concentración molar de MVE en la alimentación era superior al 15 %). La 
caracterización por cromatografía de exclusión de tamaños (SEC, del inglés size exclusion 
chromatography) reveló como el peso molecular (MW, del inglés molecular weight) y la 
polidispersidad (Ð) de estos copolímeros disminuía además con el aumento de MVE en su 
composición. Estos resultados indican que la vitamina E presente en la estructura del 
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monómero MVE posee un marcado carácter antioxidante, desactivando los radicales libres 
que guían cualquier proceso de polimerización convencional.  Además, es probable la 
existencia de un fenómeno de deslocalización de radicales por la conjugación de los dobles 
enlaces del grupo metacrílico con el anillo aromático del MVE. En el resto de familias 
poliméricas obtenidas, los MWs  y la Ð aumentaban con el contenido de monómero 
metacrílico, dando lugar en la mayor parte de los casos a polímeros con un MW superior a 
30 kDa, necesario para su acumulación y extravasación a la zona del tumor por el efecto 
efecto de Permeación y Retención Aumentada (EPR). Finalmente, la caracterización de las 
propiedades térmicas por calorimetría diferencial de barrido de estos sistemas poliméricos 
relevó la presencia en todos los casos de dos temperaturas de transición vítreas, 
características de un fenómeno de segregación fases.  
Las relaciones de reactividad de los monómeros (rVP = 0,12, rMTOS = 1,20; rVP = 0,20, 
rSPHY = 4,60; rVP = 0,03, rMVE = 2,20; rVP = 0,03, rMPHY = 4,10) determinadas mediante un 
método de resonancia magnética nuclear “in situ” y aplicando la ecuación integral de 
copolimerización que describe el modelo terminal, evidenciaron una mayor reactividad de 
los monómeros metacrílicos frente a la VP. Además, tanto MPHY como SPHY presentaron 
mayor reactividad al copolimerizar con la VP que sus análogos MVE y MTOS. Esto es 
debido nuevamente al efecto de estabilización de radicales en el caso del MVE y 
probablemente al impedimento estérico del grupo cromanol presente en la estructura MTOS 
que podría reducir su reactividad. En todos los casos, los valores tan diferentes de las 
reactividades entre los monómeros metacrílicos y la VP indican que la cinética de la 
reacción de polimerización es especialmente sensible al grado de conversión de forma que 
la distribución de secuencias monoméricas en las cadenas macromoleculares cambia 
notablemente en función de la composición en la alimentación y del grado de conversión. 
Como es de esperar, primero se consumen, en gran parte, los monómeros metacrílicos más 
reactivos, y a continuación, la VP reacciona formando cadenas ricas en este monómero en 
los últimos estadios de la reacción.  
La peculiar microestructura de los copolímeros preparados y su naturaleza anfifílica 
posibilitó la obtención de NPs autoensambladas de morfología esférica mediante el método 
de nanoprecipitación desarrollado por Fessi et al. En concreto, la formación de partículas 
estables sólo fue posible en aquellas formulaciones poliméricas con un contenido en VP 
superior al 28%, indicando la importancia de la existencia de un óptimo balance hidrofóbico 
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– hidrofílico en las cadenas poliméricas que favorezca el proceso de autoensamblado en 
agua.  
El diámetro hidrodinámico aparente (Dh) de estas NPs, determinado en función de la 
intensidad, se encontró en el rango comprendido entre 96 y 220 nm y su distribución de 
tamaños fue unimodal con unos índices de polidispersidad (PDI) típicos de distribuciones 
estrechas. Estos tamaños favorecen a priori su acumulación preferencial en la zona tumoral, 
evitando su eliminación por el sistema retículo endotelial (RES, del inglés 
reticuloendothelial system) y mejorando su internalización en las células tumorales. 
Además, su Dh aumentó con el incremento de la concentración de NPs en medio acuoso y la 
disminución del contenido en VP en el copolímero, indicando su efecto estabilizador al 
formar parte de la corona externa de estas partículas.  
El núcleo hidrofóbico de las partículas preparadas fue utilizado satisfactoriamente 
para encapsular cumarina-6 (c6) cuya fluorescencia permitió conocer como las NPs eran 
capaces de penetrar en el citoplasma de células endoteliales (HUVEC, del inglés human 
vein endothelial cells) después de 5 h de incubación, acumulándose alrededor del núcleo. 
Para evaluar su actividad biológica, se llevaron a cabo ensayos de citotoxicidad MTT en 
cultivos de células tumorales de adenocarcinoma de mama (MCF-7) y células epiteliales no 
patológicas (HMEpC). 
Los estudios celulares realizados revelaron que las NPs basadas en los polímeros 
poli(VP-co-MTOS) y poli(VP-co-MVE) reducían significativamente la viabilidad de las 
células tumorales MCF-7 de una forma dosis dependiente. Estos resultaron demuestran que 
la esterificación del grupo succinato del MTOS no supone la pérdida de la actividad del 
fármaco. Además, la ausencia de este grupo funcional en el MVE evidencia que no es el 
principal responsable de la actividad de este fármaco. Por tanto, la esterificación del grupo 
hidroxilo de la vitamina E y la presencia del grupo de señalización juegan un papel 
fundamental en la actividad anticancerígena de las partículas basadas en los copolímeros 
poli(VP-co-MVE). Adicionalmente, la actividad de estas partículas disminuía drásticamente 
cuando el contenido en monómero metacrílico superaba una concentración límite 
(contenido molar en MTOS y MVE superior al 33 y 40 %, respectivamente). Esto puede 
deberse principalmente a un efecto de estabilización ante la presencia de largas secuencias 
hidrofóbicas que limitan la biodisponibilidad y accesibilidad al núcleo hidrofóbico activo de 
las partículas. 
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Las NPs más activas (con un contenido molar en MTOS y MVE del 11 y 22 %, 
denominadas como MTOS-11 y MVE-22 respectivamente) fueron seleccionadas para 
estudiar su citotoxicidad en células no patológicas de forma que se demostró su óptima 
biocompatibilidad, posibilitando la existencia de un rango de concentración de NPs con una 
adecuada selectividad hacía células tumorales. Esta selectividad es especialmente atractiva 
teniendo en cuenta que el único derivado soluble del α-TOS disponible en el mercado 
(TPGS) mostró una toxicidad acusada en ambas líneas celulares en el mismo rango de 
concentraciones. Además, la actividad de estas partículas fue comparada con sus análogas 
basadas en derivados del dihidrofitol, en concreto con las formulaciones SPHY-13 y 
MPHY-20 (con un contenido molar en SPHY y MPHY del 13 y 20 %, respectivamente). En 
este caso, estas formulaciones poliméricas no resultaron citotóxicas. Esto permite concluir 
que las NPs basadas en los polímeros poli(VP-co-SPHY)  y poli(VP-co-MPHY) no poseen 
actividad anticancerígena, fundamentalmente por la ausencia del grupo funcional succinato 
en el SPHY y también del grupo de señalización en el MPHY. 
Finalmente, se comprobó que la actividad de las partículas más activas dependía en 
gran medida de la línea celular utilizada de forma que su toxicidad fue progresivamente 
menor al emplear células tumorales de carcinoma de hipofaringe (FaDu), de 
adenocarcinoma de colón (WiDr) y de osteosarcoma (MG63). Este fenómeno puede estar 
estrechamente relacionado con las diferencias existentes en su metabolismo energético y 
disfunción mitocondrial. Además, debido a la estrecha relación existente entre el 
crecimiento tumoral y los procesos de vascularización y angiogénesis, la actividad de estas 
partículas se estudió utilizando células endoteliales en proliferación y quiescentes. Así pues, 
la viabilidad celular tras el tratamiento con las NPs disminuyó significativamente en 
cultivos de células en proliferación, afectando en mucha menor medida a células 
quiescentes.  
 Capítulo 3.2- Mitochondrially targeted nanoparticles based on α-TOS for the 
selective cancer treatment. 
En el anterior trabajo experimental se demuestra que las NPs autoensambladas 
preparadas a partir de copolímeros de VP y derivados metacrílicos del α-TOS (MTOS) y la 
vitamina E (MVE) son excelentes nanovehículos con una actividad intrínseca 
anticancerígena y antiangiogénica. De hecho, estas partículas mostraron una alta toxicidad 
hacía células tumorales de mama MCF-7 que, sin embargo, fue más moderada al utilizar 
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cultivos de células de carcinoma de hipofaringe FaDu. Por tanto, el objetivo de este trabajo 
científico fue mejorar su eficacia en el tratamiento del cáncer escamoso de cabeza y cuello 
mediante la encapsulación de α-TOS en su núcleo hidrofóbico, profundizando además en su 
mecanismo de acción. De esta forma, es la primera vez que se encapsula con éxito esta 
molécula dentro de un vehículo polimérico sintético que además contiene el propio fármaco 
anclado químicamente a su estructura. 
Para lograr el objetivo de este trabajo, se escogió el copolímero poli(VP-co-MTOS) 
más activo con una composición molar en MTOS del 11% (MTOS-11). La principal razón 
para seleccionar esta familia de copolímeros fue la similitud estructural entre MTOS y α-
TOS que favoreció su encapsulación efectiva dentro del núcleo de las NPs 
autoensambladas. De hecho, se prepararon con éxito NPs cargadas con un 3, 5 y 10 % w/w 
de α-TOS con respecto al polímero por el método de nanoprecipitación y que se designaron 
como NP-3, NP-5 y NP-10, respectivamente. La eficacia de encapsulación (EE) aumentó 
significativamente con el porcentaje de carga del fármaco, variando desde el 34 % para la 
formulación NP-3 hasta el 72 % para los autoensamblados NP-10. Este comportamiento 
puede explicarse teniendo en cuenta las interacciones entre el α-TOS libre y los dominios 
hidrofóbicos del MTOS que podrían incrementar su flexibilidad y por tanto la capacidad de 
carga efectiva de las micelas. 
El Dh de las partículas cargadas se incrementó significativamente con el porcentaje 
de α-TOS encapsulado, variando entre 123 y 164 nm y obteniéndose en todos los casos 
distribuciones de tamaño estrechas y unimodales. Por otra parte, el potencial zeta de las NPs 
preparadas presentó valores ligeramente negativos, debido a la presencia de VP en la corona 
externa de las mismas. Sin embargo, este potencial se hizo más negativo en las partículas 
con mayor carga de α-TOS, alcanzando el valor de -18 mV para la formulación NP-10. Este 
fenómeno podría deberse a la orientación parcial de los grupos carboxílicos libres de 
moléculas de α-TOS hacía la corona rica en VP de las partículas autoensambladas.  
La actividad biológica de las partículas vacías (NP-0) y cargadas se cuantificó 
mediante la realización de ensayos MTT utilizando cultivos de células tumorales FaDu  y 
células no patológicas HMEpC. Los resultados de estos experimentos evidenciaron que la 
citoxicidad de estas partículas en células tumorales aumentaba significativamente con el 
incremento de la concentración de NPs, la capacidad de carga de α-TOS y el tiempo de 
incubación. En efecto, la formulación NP-0 sólo resultó citotóxica a la concentración más 
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alta de partículas utilizada y esta actividad prácticamente no aumentó con el tiempo de 
incubación (66%  y 58 % viabilidad después de 24 y 48 h de tratamiento con NP-0 a 1 
mg/mL, respectivamente). Sin embargo, las partículas cargadas presentaron mucha mayor 
actividad anticancerígena a concentraciones hasta de 0,250 mg/mL, incrementándose 
además a un tiempo de incubación mayor. Esta variación puede deberse a que las partículas 
se internalizan a las 24 h pero la liberación de la carga ocurre mayoritariamente a tiempos 
más prolongados. Además, estos estudios de viabilidad celular revelaron que las células no 
patológicas eran mucho menos sensibles a las NPs preparadas, existiendo intervalos de 
concentraciones de NPs  con óptima selectividad hacía las células tumorales.  
Una vez caracterizada la actividad biológica de las partículas preparadas, el siguiente 
paso era profundizar en su mecanismo de acción a nivel celular. Para ello, se realizaron 
diferentes ensayos bioquímicos utilizando la formulación NP-0 a 1 mg/mL por ser la única 
concentración que resulto citotóxica y NP-10 a una concentración de 0.25 mg/mL que era la 
concentración más alta y con mayor capacidad de carga que no afectaba a las células no 
patológicas.  
La realización de ensayos Western Blot y ELISA permitió conocer que las partículas 
ensayadas disminuían significativamente los niveles del de los factores de crecimiento 
epidérmico (EGF, del inglés epidermal growth factor) y del endotelio vascular (VEGF, del 
inglés vascular endothelial growth factor) que están estrechamente relacionados con el 
crecimiento tumoral, la metástasis y los procesos de vascularización en la zona tumoral. 
Además, esta desregulación se favoreció con la carga adicional de α-TOS en los 
autoensamblados (la expresión VEGF fue reducida un 15 y 43 % tras el tratamiento con las 
formulaciones NP-0 y NP-10, respectivamente). Estos resultados indican que las partículas 
sintetizadas podrían regular la progresión tumoral y podrían formar parte de tratamientos 
duales anticancerígenos y antiangiogénicos.  
Para evaluar el tipo de muerte celular que provoca el tratamiento de las partículas en 
cultivos de células FaDu, se cuantificó la enzima lactato deshidrogenasa (LDH) que se 
libera rápidamente cuando la membrana plasmática está dañada en un proceso de muerte 
por necrosis. En este caso, el tratamiento con partículas vacías y cargadas prácticamente no 
aumentó los niveles de esta enzima en comparación con el control. Así pues, las partículas 
sintetizadas ejercían su acción a través de una muerte celular programada o apoptosis lo que 
se confirmó mediante ensayos de inmunofluorescencia usando anexina V. 
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Cuando las células tumorales entran en apoptosis, se activan las proteínas que se 
denominan caspasas a través de dos posibles rutas: vía extrínseca a través de los "receptores 
de muerte” y regulada por la activación de la caspasa 9 o vía intrínseca mediada por las 
mitocondrias con la activación de la caspasa 8. Ambas vías convergen finalmente y tienen 
en común la activación de la caspasa 3. Así pues, los niveles de estos tres tipos de caspasas 
se cuantificaron con ensayos Western Blot de forma que sólo los niveles de caspasa 3 y 9 
aumentaron significativamente tras el tratamiento con las partículas, confirmando un 
mecanismo de muerte por apoptosis vía mitoncondrial.  Además, se comprobó que este 
mecanismo provoca además un aumento significativo del estrés celular, tanto oxidativo  
como nitrosativo. En efecto, la concentración de especies reactivas al oxígeno y al nitrógeno 
(ROS/RNS) aumentó un 71 y 177 % después del tratamiento con las formulaciones NP-0 y 
NP-10, respectivamente.  
Finalmente y con el fin de indagar aún más en la acción apoptótica de las partículas a 
nivel mitocondrial, las células FaDu se pretrataron con MitoQ que es un antioxidante 
lipofílico que se une al complejo II de la cadena de transporte de electrones de las 
mitocondrias. Esta unión bloquea el punto de acción del α-TOS, evitando que se 
desencadene la cascada de eventos típicos de un proceso apoptótico por vía intrínseca. Así 
pues, este tratamiento previo de las células redujo la toxicidad de las partículas así como los 
niveles de caspasa 3 y estrés celular, evidenciando que las partículas tanto vacías como 
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CAPÍTULO IV: RAFT polymer-drugs derived from α-tocopheryl succinate 
 Capítulo 4.1- α-TOS-based RAFT block copolymers and their NPs for the 
treatment of cancer. 
En este nuevo trabajo científico, el objetivo fue la preparación de una nueva 
generación de NPs poliméricas, portadoras de α-TOS en su estructura. Para ello, se 
introdujeron dos importantes modificaciones de diseño con respecto a los nanovehículos 
anteriormente descritos, basadas en un control exhaustivo de la arquitectura 
macromolecular de las cadenas poliméricas  y en un cambio composicional mediante la 
sustitución de la VP por polietilenglicol (PEG) como polímero hidrofílico del sistema.  
Para alcanzar con éxito el planteamiento inicial del trabajo, se decidió emplear la 
polimerización controlada vía RAFT ya que permite la obtención de polímeros de bloque 
con una organización microestructural precisa, en condiciones suaves de reacción y 
evitando el uso de catalizadores metálicos. Además, el PEG fue seleccionado por su 
excelente biocompatibilidad y su capacidad para formar una corona hidrofílica que favorece 
la acumulación de sistemas nanoparticulados en el tejido tumoral, evitan reconocimiento 
por el sistema retículo endotelial (RES, del inglés reticuloendothelial system). 
Debido a que la polimerización vía RAFT requiere la participación de un agente de 
transferencia de cadena (CTA, del inglés chain transfer agent), el primer paso fue la 
incorporación del PEG al grupo carboxilo terminal del tritiocarbonato seleccionado para 
este fin. Así pues, se sintetizaron con éxito 5 diferentes PEG macro-CTAs (CTA-PEG) 
usando la 1-etil-3-(3-dimetilaminopropil)carbodiimida (EDC) como agente de acoplamiento 
y un peso molecular del PEG en el rango entre 4.6 y 20 kDa. La esterificación se confirmó 
por NMR, permitiendo además la obtención de distribuciones unimodales y estrechas de 
MW.  
La polimerización del MTOS usando los diferentes PEG macro-CTAs sintetizados se 
llevó a cabo satisfactoriamente utilizando 1,4-dioxano anhidro como disolvente y 2,2´-
azobiisobutironitrilo (AIBN) como iniciador. El tiempo de reacción, la concentración molar 
total (M) y la cantidad de AIBN fueron ajustados con el fin de mantener el control óptimo 
de la polimerización, evitando la aparición de reacciones secundarias. En efecto, el estudio 
de las cinéticas de polimerización por NMR y SEC confirmó la existencia en todos los 
casos de una cinética lineal con ausencia de reacciones de terminación significativas. 
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Adicionalmente, este estudio reveló que la velocidad de polimerización únicamente 
dependía de la concentración de radicales libres, sin existir una correlación directa con el 
MW del PEG utilizado. Además, el seguimiento de las reacciones de polimerización por 
SEC mostró el desplazamiento de las curvas de MW a tiempos de retención más bajos en 
función del tiempo de reacción. En todos los casos, se obtuvieron curvas bimodales que 
evidenciaron que la eficiencia de los agentes RAFT no fue completa. 
La completa caracterización de los copolímeros PEG-b-poliMTOS sintetizados 
permitió conocer su composición de forma que la concentración molar de MTOS varió 
entre el 13 y 34 %, decreciendo con el aumento del MW del PEG utilizado. Además, su 
MW fue superior en todos los casos a 30 kDa con Ð inferiores a 1.35 lo que confirma la 
obtención de polímeros anfifílicos de estructura en bloques bien definida. Finalmente, el 
análisis termogravimétrico determinó que los polímeros presentaban una temperatura 
máxima de descomposición que aumentaba con el contenido en PEG y que las curvas de la 
derivada de pérdida de peso presentaban un hombro a temperaturas más bajas que se hacía 
más acusado con el contenido en MTOS en los polímeros sintetizados.  
El preciso control de la arquitectura macromolecular de los polímeros sintetizados así 
como su naturaleza anfifílica facilitó la preparación exitosa de NPs autoensambladas, para 
los copolímeros con una composición molar en PEG del 71, 76, 82 y 87 % que se 
designaron como NP-71, NP-76, y NP-82 y NP-87, respectivamente. Para ello, se añadió 
gota a gota una disolución de NaCl sobre las disoluciones de los copolímeros en dioxano, 
formándose partículas esféricas con una corona externa de PEG y un núcleo hidrofóbico de 
MTOS. Sin embargo, esto no fue posible con el copolímero menos rico en PEG (66 % 
molar, PEG-66), probablemente debido a la existencia de un balance hidrofóbico / 
hidrofílico no apropiado.  
La caracterización de las NPs sintetizadas reveló cómo su Dh varía entre 88 y 135 
nm, disminuyendo con el incremento de la composición molar en PEG de los copolímeros. 
Este fenómeno puede explicarse porque  la presencia de cadenas de PEG en la corona de las 
partículas produce un efecto de estabilización debido a interacciones inter- e 
intramoleculares. Además, todas las NPs presentaron una carga superficial neutra, debido a 
la ausencia de grupos cargados en su superficie, y que se evidenció con valores de potencial 
zeta ligeramente negativos. En todos los casos, las distribuciones de tamaños de las 
autoensamblados fueron unimodales con PDI inferiores a los que se obtuvieron en la 
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primera generación de NPs, preparadas por polimerización radical convencional (tabla 1). 
En efecto, la polimerización RAFT no sólo permite obtener NPs con mejores propiedades 
sino que también con un control más exhaustivo de los parámetros que afectan a la 
organización de las cadenas poliméricas en medio acuoso, como son su composición 
química, MW y microestructura.  
El núcleo hidrofóbico de las NPs sirvió para encapsular eficazmente c6 (EE superior 
al 90% en todos los casos) de forma que su fluorescencia fue usada para monitorizar la 
entrada de las NPs dentro de células de adenocarcinoma de mama MDA-MB-453. La 
acumulación de c6 en el citoplasma de las células aumentó gradualmente con el tiempo de 
incubación a lo largo de las 8 h de tratamiento. Sin embargo, la intensidad de fluorescencia 
decreció con el aumento en la composición molar en PEG de las partículas, de forma que la 
presencia de cadenas largas de este polímero interfieren en su internalización por 
endocitosis. Este fenómeno es conocido como el “dilema del PEG” y se basa en que el PEG 
no sólo impide la opsonización de las superficies, sino que la presencia de PEG de alto MW 
reduce las interacciones entre las partículas poliméricas y la superficie de la membrana 
celular.  
Los estudios de Alamar Blue realizados en cultivos de células MDA-MB-453 
mostraron cómo las NPs poliméricas disminuyen la viabilidad celular de forma dosis 
dependiente. Sin embargo, sólo las NPs con mayor contenido en MTOS (formulaciones NP-
71 y NP-76 con un composición molar en MTOS del 29 y 24 %, respectivamente) fueron 
citotóxicas a la concentración de partículas más elevada de 2,5 mg/mL. En cambio, las 
formulaciones NP-82 y NP-87 presentaron una viabilidad celular superior al 80% en todo el 
rango de concentraciones utilizadas, a pesar de su menor Dh. Estos resultados ponen de 
manifiesto que la actividad anticancerígena de estas partículas depende del contenido en 
MTOS y también del MW o longitud del bloque hidrofílico de PEG. Así pues, la utilización 
de cadenas demasiado largas de este polímero favorecen el camuflaje de las partículas 
evitando su reconocimiento por el RES pero a su vez dificultan la interacción con las 
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 Capítulo 4.2- Enhanced bioactivity of α-tocopheryl succinate based block 
copolymer nanoparticles by reduced hydrophobicity. 
En el anterior trabajo, se demuestra cómo la preparación de vehículos poliméricos a 
partir de copolímeros de bloque PEG-b-poliMTOS vía polimerización RAFT permite la 
obtención de autoensamblados bioactivos contra el cáncer, con un alto control sobre las 
variables que influyen en su proceso de preparación y con una microestructura de las 
cadenas poliméricas muy precisa.  
A pesar de estas mejoras en su diseño, la actividad anticancerígena de las NPs 
basadas en los copolímeros PEG-b-poliMTOS fue sólo reseñable a una concentración 
elevada de partículas en aquellas formulaciones más ricas en MTOS (composición molar 
superior al 24 % a una concentración de NPs de 2,5 mg/mL). Sin embargo, la primera 
generación de NPs presentaba mayor bioactividad para un menor contenido en MTOS (una 
composición molar en MTOS del 11 %  producía la mayor reducción de viabilidad a una 
concentración de NPs de 1 mg/mL) (tabla 1). Estas diferencias evidencian que las 
características microestructurales de las cadenas poliméricas influyen estrechamente en su 
actividad anticancerígena, cambiando la accesibilidad al núcleo hidrofóbico bioactivo o 
incluso mejorando la liberación de fármacos encapsulados dentro del mismo.  
Por estas razones, el objetivo de este nuevo trabajo científico fue estudiar el efecto de 
la introducción de defectos hidrofílicos en el proceso de formación de NPs y también en su 
acción terapéutica mediante la copolimerización al azar del 2-hidroxietil metacrilato 
(HEMA) con el MTOS utilizando el PEG-CTA8 (MW 8 kDa) como agente RAFT. El 
HEMA fue seleccionado por su excelente biocompatibilidad una vez polimerizado, óptima 
hidrofilia así como por su similitud estructural con el MTOS ya que ambos presentan la 
misma estructura química en la proximidad del doble enlace reactivo durante la 
polimerización. Estas características son una garantía de que ambos monómeros presentan 
una reactividad similar, favoreciendo la distribución al azar de las unidades de HEMA en el 
bloque hidrofóbico del MTOS. 
Específicamente, terpolímeros PEG-b-[poli(MTOS-co-HEMA)] con un 10  y un 20 
% mol de HEMA fueron obtenidos con éxito y designados como PEG-10H y PEG-20H, 
respectivamente. En ambos casos, la polimerización se llevó a cabo durante 5 h, a 70 ºC y 
empleando 1,4-dioxano anhidro como disolvente. La completa reacción del HEMA fue 
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confirmada por NMR y la determinación del número de unidades incorporadas durante la 
polimerización sólo fue posible por espectroscopía de infrarrojo (ATR-FTIR) gracias a la 
aparición de la banda de vibración del grupo O-H del HEMA a 3500 cm
-1
. 
Los terpolímeros sintetizados presentaron una distribución de peso moleculares 
estrecha con Ð inferior a 1,26 y cinéticas de polimerización lineales que confirman el buen 
control durante la polimerización que transcurre con una concentración constante de 
radicales libres y en ausencia de significativas reacciones de terminación. A pesar de que las 
curvas de MWs eran estrechas, su distribución fue bimodal lo que denota la presencia de 
una parte del agente RAFT sin reaccionar que, en gran parte, se eliminó mediante la 
purificación de los terpolímeros por diálisis.  
La introducción de unidades al azar de HEMA en el bloque hidrofóbico de MTOS 
afectó estrechamente a los procesos de autoensamblado que regulan la formación de NPs. 
En este sentido, se obtuvieron NPs esféricas de 104 y 144 nm a partir de los terpolímeros 
PEG-10 H y PEG-20H, respectivamente. El Dh de estas formulaciones varió 
significativamente en función de la concentración de grupos hidroxilo presentes en su 
estructura.  En ambos casos, las distribuciones de tamaño de las NPs fueron estrechas e 
unimodales, en conformidad con valores de PDI inferiores a 0,06.  
Tanto los copolímeros de bloque PEG-b-poliMTOS como los terpolímeros PEG-b-
[poli(MTOS-co-HEMA)] permitieron encapsular α-TOS en su núcleo hidrofóbico con una 
EE superior al 75 % en todos los casos. En concreto, este proceso fue más eficaz en las NPs 
con mayor contenido en PEG, fruto probablemente del efecto de protección y estabilización 
de la corona hidrofílica rica en cadenas de este polímero. En todos los casos, se obtuvieron 
Dh inferiores a 155 nm. Sin embargo, la presencia de la carga aumentó ligeramente el 
tamaño de los autoensamblados en comparación con las partículas vacías.  
Las partículas obtenidas a partir de los terpolímeros PEG-b-[poli(MTOS-co-HEMA)] 
incorporaron con éxito c6 y su fluorescencia fue empleada para comprobar que son 
endocitadas por células tumorales MDA-MB-453. De hecho, estas partículas fueron capaces 
de atravesar la membrana de estas células en sólo 30 min y este proceso se prolongó durante 
las 6 h de incubación, aumentando progresivamente la intensidad de fluorescencia. En 
concreto, las NPs se acumulaban en el citoplasma de las células, alrededor del núcleo 
siendo capaces de penetrar dentro de sus mitocondrias. 
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La actividad anticancerígena de todas las NPs preparadas fue evaluada mediante 
ensayos Alamar Blue en células tumorales MCF-7 y MDA-MB-453. Los resultados de estos 
experimentos revelaron que la incorporación del HEMA significativamente mejoró el 
potencial terapéutico de los autoensamblados. La viabilidad de células MCF-7 disminuyó a 
un 49 y 68 % después de 24 h de tratamiento con las partículas obtenidas a partir de los 
terpolímeros PEG-10 H y PEG-20H. Este fenómeno puede explicarse porque las unidades 
de HEMA actúan como “defectos hidrofílicos” dentro del núcleo de MTOS de forma que se 
reduce su hidrofobicidad y se mejora la difusión de agua en su interior. Sin embargo, es 
necesario llegar a un balance óptimo que no suponga un reducción excesiva del contenido 
en MTOS en las partículas, tal y como ocurre con la formulación PEG-20H menos 
bioactiva. Adicionalmente, la carga de las partículas con α-TOS también mejoró 
significativamente su potencial terapéutico de forma que la presencia de las unidades de 
HEMA podría favorecer su liberación debido a la desestabilización que producen dentro del 
núcleo hidrofóbico de MTOS (tabla 1). 
La incorporación del HEMA y la carga de α-TOS en el núcleo hidrofóbico de las 
NPs obtenidas a partir de la formulación poliméricas PEG-10H permitió una mejora 
sustancial de su actividad anticancerígena, manteniendo además una selectividad apropiada 
hacía células no patológicas HMEpiC que fueron en todos las casos menos sensibles al 
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CAPÍTULO V: Phototherapeutic nanoparticles 
 Capítulo 5.1- Phototherapeutic effect of polymeric nanoparticles based on α-
TOS-RAFT block copolymers conjugated to IR-780. 
Los copolímeros de bloque PEG-b-poliMTOS anteriormente descritos son excelentes 
candidatos para la incorporación de agentes terapéuticos que doten de nuevas propiedades a 
estos sistemas poliméricos, facilitando el desarrollo de tratamientos más avanzados contra 
el cáncer. En este sentido, una de las alternativas más novedosas es el uso de agentes de 
imagen que facilitan el tratamiento y diagnóstico simultáneo de la enfermedad, además de 
mejorar su eficacia y selectividad. Por ello, el objetivo de este capítulo fue optimizar la 
conjugación de la sonda de fluorescencia IR-780 a las cadenas de PEG que forman parte de 
copolímeros de bloque con MTOS como parte hidrofóbica. Además, la capacidad de este 
conjugado para formar NPs fue exhaustivamente estudiada, caracterizando sus propiedades 
ópticas así como su toxicidad intrínseca y su capacidad fototerapéutica in vitro.  
Para obtener el conjugado polimérico deseado, se utilizó la funcionalidad terminal de 
las cadenas de PEG debido a que permiten llevar a cabo la reacción de conjugación de 
forma sencilla y eficaz. Para ello, era necesario sustituir los grupos hidroxilos terminales del 
PEG por grupos carboxilo de forma que la modificación se llevó a cabo previamente en el 
agente de transferencia  PEG-CTA8. Así pues, se obtuvo con éxito el agente RAFT COOH-
PEG-CTA8  mediante reacción con anhídrido succínico. A continuación, se llevó a cabo la 
polimerización vía RAFT del MTOS utilizando este agente de transferencia, 1,4-dioxano 
anhidro como disolvente y AIBN como iniciador. Después de su purificación por diálisis, el 
copolímero COOH-PEG-b-poliMTOS fue caracterizado de forma que se determinó su 
composición con un concentración molar de MTOS del 30 %. Además, este sistema 
polimérico presentó un alto peso molecular, 68 kDa, y una relativamente baja 
polidispersidad, fruto del óptimo control durante la reacción de  polimerización.  
La conjugación de la sonda al copolímero de bloque COOH-PEG-b-poliMTOS se 
realizó satisfactoriamente mediante la reacción de amidación entre el grupo amino 
previamente incorporado a la estructura de la sonda (IR-780-NH) y los grupo carboxilo 
terminales de las cadenas de PEG. Para ello, se empleó la DMTMM como agente de 
acoplamiento de forma que la estructura del conjugado obtenido, IR-780-PEG-b-poliMTOS 
se confirmó por 
1
H-NMR. 
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La formación de NPs esféricas utilizando el conjugado polimérico IR-780-PEG-b-
poliMTOS fue posible mediante la adición gota a gota de una disolución de NaCl sobre una 
disolución del polímero en una mezcla THF:EtOH (50:50 v:v).  Siguiendo esta 
metodología, se obtuvieron partículas, denominadas IR-NP, de 88 nm y una PDI de 0.06. 
Además, partículas cargadas con un 3, 5 y 10 % w/w de sonda IR-780 adicional con 
respecto al polímero fueron sintetizadas exitosamente y designadas como IR-NP-eIR3, IR-
NP-eIR5 y IR-NP-eIR10, respectivamente. La caracterización de estas partículas cargadas 
reveló que su Dh se incrementó significativamente con el porcentaje de sonda encapsulada, 
variando entre 110 y 170 nm. En todos los casos, el potencial zeta de las NPs preparadas 
presentó valores positivos, indicando la presencia de la sonda en la corona externa de las 
mismas.  
El proceso de autoensamblado del sistema polimérico afectó significativamente a las 
propiedades ópticas de la sonda IR-780 conjugada. La intensidad máxima del pico de 
emisión a 810 nm de la sonda disminuyó de forma acusada a lo largo del proceso de 
formación de los autoensamblados debido a la incorporación de la fase acuosa que apantalla 
su fluorescencia. De la misma forma, las partículas cargadas IR-NP-eIR5 presentaron una 
mayor intensidad del pico característico de absorción a 780 nm que las partículas vacías IR-
NP; sin embargo, la intensidad de emisión fue considerablemente menor, probable debido al 
apantallamiento de la sonda encapsulada por  apilamiento π-π. 
Las partículas IR-NP sintetizadas fueron endocitadas por células tumorales de mama 
MDA-MB-453, acumulándose en su citoplasma. La citotoxicidad de partículas vacías y 
cargadas IR-NP-eIR5 fue evaluada mediante ensayos Alamar Blue en un rango de 
concentraciones entre 1,5 y 0,094 mg/mL. La toxicidad de estos nanovehículos se 
incrementó significativamente tanto por la conjugación química la sonda como por su 
encapsulación física en el núcleo hidrofóbico de las partículas. En particular, la viabilidad 
de las células MDA-MB-453 disminuyó a un 50 y 14 % después de 24 h de tratamiento con 
las formulaciones IR-NP y IR-NP-eIR5 a la más alta concentración, respectivamente (tabla 
1). Sin embargo, esta toxicidad también afectó de forma acusada a células no patológicas en 
el mismo rango de concentraciones, perdiendo la selectividad demostrada en las partículas 
no modificadas. 
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La capacidad fototérmica de las formulaciones IR-NP y IR-NP-eIR5 a tres 
concentraciones diferentes de partículas (0,375, 0,188 y 0,094 mg/mL) fue estudiada en 
disolución mediante la irradiación de un láser a 808 nm durante 5 min durante los cuales 
IR-780 absorbe la luz y pasa a un estado excitado singlete. Esta energía puede liberarse de 
tres maneras diferentes: (1) disipándola en forma de luz de mayor longitud de onda 
(fluorescencia); (2) liberando calor por relajación vibracional al pasar a estadíos de menor 
energía (efecto fototérmico); (3) evolucionando del estado excitado singlete a un estado 
excitado triplete de menor energía. En este estado IR-780 puede inducir la generación de 
especies reactivas letales para los tejidos orgánicos por oxidación de las biomoléculas que 
los forman (efecto fotodinámico).  Los resultados obtenidos confirmaron que las partículas 
en ausencia de sonda no producían un calentamiento efectivo. Por el contrario, las partículas 
con la sonda conjugada a la más alta concentración mostraron un incremento de temperatura 
hasta alcanzar los 42 ºC. Sin embargo, esta temperatura se encuentra en el límite de la 
hipertermia efectiva para conseguir la muerte celular. Además, se comprobó como las 
partículas cargadas IR-NP-eIR5 permitían mejorar estos resultados,  consiguiendo elevar la 
temperatura en disolución hasta las 55 ºC ya que, en este caso, la velocidad de liberación de 
calor era mucho mayor que la liberación de disipación de calor por el medio.  
Por último, la fototoxicidad de las partículas IR-NP y IR-NP-eIR5 in vitro fue 
evaluada mediante la irradiación de las células cancerígenas tras permanecer 24 h en 
contacto con las partículas. De esta forma, se comprobó que la irradiación de las células 
tratadas con las partículas no modificadas no producía muerte  celular. Sin embargo, la 
irradiación de las células en contacto con las formulaciones IR-NP y IR-NP-eIR5 causaba 
un descenso acusado de la viabilidad celular. Este efecto no puede explicarse en las 
partículas vacías únicamente por un calentamiento del medio durante la irradiación. Por 
ello, es probable la existencia de un efecto fotodinámico dependiente exclusivamente de la 
presencia de la sonda IR-780, sin que se produzca una modificación permanente de la 
estructura polimérica de las partículas y que requiere de la irradiación NIR en un contexto 
donde el nanomaterial haya entrado en contacto previamente con las células. Futuros 
ensayos son necesarios para profundizar en las reacciones fotodinámicas que justifican la 
toxicidad de las partículas IR-NP y que también permitan elucidar si la fototoxicidad de las 
partículas cargadas IR-NP-eIR5 se debe a su comportamiento fototérmico, a su actividad 
fotodinámica o a una combinación sinérgica de ambas. 
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Tabla 1: Resumen de las características más relevantes de los diferentes sistemas poliméricos más 
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VII.  Conclusiones 
Tras la realización de la presente tesis doctoral, las conclusiones más relevantes son: 
1- El succinato de la vitamina E (α-TOS) es un fármaco anticancerígeno y 
antiangiogénico con una limitada aplicación en el tratamiento contra el cáncer debido 
a su baja solubilidad en medio fisiológico. Por ello, este principio activo es un 
excelente candidato para el desarrollo de vehículos poliméricos selectivos contra el 
cáncer que eliminen los actuales problemas derivados de su administración.  
2- Se copolimerizaron con éxito derivados metacrílicos del α-TOS (MTOS), de la 
vitamina E (MVE) y del dihidrofitol (SPHY y MPHY) con la N-vinil-pirrolidona  
(VP) por polimerización radical convencional. Debido a su naturaleza anfifílica y la 
mayor reactividad de los derivados metacrílicos frente a la VP, los copolímeros 
sintetizados se autoensamblaron en medio acuoso formando nanopartículas (NPs) 
esféricas con tamaños y propiedades óptimas para su aplicación en el tratamiento del 
cáncer. 
3- Las NPs obtenidas a partir de los copolímeros poli(VP-co-MVE) y poli(VP-co-
MTOS) resultaron bioactivas, con una actividad intrínseca anticancerígena y 
antiangiogénica dependiente del  contenido en monómero hidrofóbico (MVE y 
MTOS). Adicionalmente, la actividad antitumoral de estas NPs poliméricas resultó 
estrechamente dependiente de la línea celular ensayada, siendo más activas frente a 
células de adenocarcinoma de mama MCF-7 debido, probablemente, a diferencias en 
su metabolismo energético y disfunción mitocondrial. Finalmente, la actividad 
anticancerígena y antiangiogénica de las partículas resultó altamente selectiva, 
afectando en menor medida a células no patológicas y quiescentes. Estos resultados 
mejoraron en gran medida los obtenidos con el único derivado soluble del α-TOS 
disponible en el mercado (TPGS). 
4- Las NPs basadas en los copolímeros poli(VP-co-MTOS) se comportaron como 
excelentes nanovehículos, encapsulando eficazmente α-TOS en su núcleo 
hidrofóbico y mejorando significativamente su actividad anticancerígena per se 
frente a células de carcinoma de hipofaringe FaDu. Además, los estudios 
bioquímicos realizados demostraron que tanto las partículas vacías como las cargadas 
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producían la muerte celular por apoptosis intrínseca, vía complejo II de la cadena de 
transporte de electrones de las mitocondrias.  
5- La preparación de vehículos poliméricos, portadores del α-TOS y con una 
arquitectura macromolecular controlada, se realizó satisfactoriamente mediante la 
polimerización radical controlada vía RAFT del MTOS con polietilenglicol (PEG) de 
diferente peso molecular. De esta forma, se obtuvieron copolímeros anfifílicos PEG-
b-poliMTOS con una estructura de bloques bien definida que permitió la preparación 
de nanopartículas esféricas con un núcleo hidrofóbico de MTOS y una corona 
externa de PEG que les confería una óptima estabilidad.  
6- Los estudios realizados en cultivos de células tumorales de mama de las NPs 
preparadas a partir de los copolímeros PEG-b-poliMTOS pusieron de manifiesto su 
óptima citotoxicidad y capacidad de internalizarse en el citoplasma de células 
tumorales. Asimismo, la actividad anticancerígena de estos autoensamblados mejoró 
significativamente con el contenido en MTOS y la presencia de cadenas 
relativamente cortas de PEG. 
7- La copolimerización del 2-hidroxietil metacrilato (HEMA) con el MTOS vía RAFT 
permitió sintetizar con éxito terpolímeros PEG-b-[poli(MTOS-co-HEMA)] donde las 
unidades de HEMA se distribuyeron al azar en el bloque hidrofóbico del MTOS. 
Adicionalmente, estos terpolímeros formaron NPs esféricas que fueron capaces de 
internalizarse en las mitocondrias de células tumorales de mama, donde ejercían 
además su actividad anticancerígena. La encapsulación efectiva del α-TOS y la 
presencia de un número óptimo de unidades de HEMA permitió maximizar la 
bioactividad de estos autoensamblados. De hecho, los estudios celulares realizados 
evidenciaron que las unidades de HEMA actuaban como “defectos hidrofílicos” 
dentro del núcleo de MTOS reduciendo su hidrofobicidad, mejorando su 
accesibilidad y favoreciendo la liberación de la carga.  
8- La conjugación de la sonda fluorescente IR-780 a las cadenas de PEG de los 
copolímeros de bloque PEG-b-poliMTOS permitió obtener NPs capaces de 
encapsular más sonda libre en su núcleo hidrofóbico. La conjugación o la 
encapsulación física de la sonda fluorescente aumentó la citotoxicidad in vitro del 
nanomaterial, dotándolo además de excelentes propiedades ópticas.  Adicionalmente, 
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la irradiación de las partículas confirmó su capacidad fototérmica en disolución, 
especialmente atractiva por alcanzar altas temperaturas en el caso de los 
nanovehículos con más sonda encapsulada en su núcleo hidrofóbico. Finalmente, las 
partículas fluorescentes presentaron una atractiva fototoxicidad in vitro con la 
mediación de un efecto fotodinámico que demuestra el alto potencial de estos 
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ABSTRACT: α-Tocopheryl succinate (α-TOS) is a well-
known mitochondrially targeted anticancer compound, how-
ever, it is highly hydrophobic and toxic. In order to improve its
activity and reduce its toxicity, new surfactant-free biologically
active nanoparticles (NP) were synthesized. A methacrylic
derivative of α-TOS (MTOS) was prepared and incorporated
in amphiphilic pseudoblock copolymers when copolymerized
with N-vinylpyrrolidone (VP) by free radical polymerization
(poly(VP-co-MTOS)). The selected poly(VP-co-MTOS)
copolymers formed surfactant-free NP by nanoprecipitation
with sizes between 96 and 220 nm and narrow size distribu-
tion, and the in vitro biological activity was tested. In order
to understand the structure−activity relationship three other
methacrylic monomers were synthesized and characterized: MVE did not have the succinate group, SPHY did not have the
chromanol ring, and MPHY did not have both the succinate group and the chromanol ring. The corresponding families of
copolymers (poly(VP-co-MVE), poly(VP-co-SPHY), and poly(VP-co-MPHY)) were synthesized and characterized, and their
biological activity was compared to poly(VP-co-MTOS). Both poly(VP-co-MTOS) and poly(VP-co-MVE) presented triple
action: reduced cell viability of cancer cells with little or no harm to normal cells (anticancer), reduced viability of proliferating
endothelial cells with little or no harm to quiescent endothelial cells (antiangiogenic), and eﬃciently encapsulated hydrophobic
molecules (nanocarrier). The anticancer and antiangiogenic activity of the synthesized copolymers is demonstrated as the active
compound (vitamin E or α-tocopheryl succinate) do not need to be cleaved to trigger the biological action targeting ubiquinone
binding sites of complex II. Poly(VP-co-SPHY) and poly(VP-co-MPHY) also formed surfactant-free NP that were also endocyted
by the assayed cells; however, these NP did not selectively reduce cell viability of cancer cells. Therefore, the chromanol ring of the
vitamin E analogues has an important role in the biological activity of the copolymers. Moreover, when succinate moiety is
substituted and vitamin E is directly linked to the macromolecular chain through an ester bond, the biological activity is maintained.
■ INTRODUCTION
α-Tocopheryl succinate (α-TOS) selectively induces apoptosis
of cancer cells and acts as an angiogenesis regulator because it
also induces apoptosis of proliferating endothelial cells with little
or no harm to the quiescent endothelial cells. α-TOS presents
mitochondrially targeted anticancer activity because it is a BH3
protein mimetic that blocks Bcl-2 or Bcl-xL antiapoptotic
proteins (mitocan type II), and because it interferes with the elec-
tron transport chain, speciﬁcally α-TOS displaces ubiquinone
from binding to complex II inhibiting succinate deshydrogenase
activity of complex II in the mitochondrial transport chain
(mitocan type V).1,2 As a result, the generated electrons recom-
bine with molecular oxygen to produce high levels of reactive
oxygen species (ROS) that activate the proteins that regulate
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1. Introduction
Head and neck squamous cell carcinoma (HNSCC) is the 
sixth highest incidence worldwide cancer,[1] constituting 
the 6.5% of all tumors,[2] with more than 600 000 new 
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The aim of this work is the preparation of an active nanovehicle for the effective administra-
tion of α-tocopheryl succinate (α-TOS). α-TOS is loaded in the core of nanoparticles (NPs) based 
on amphiphilic pseudo-block copolymers of N-vinyl pyrrolidone and a methacrylic derivative of 
α-TOS. These well-deﬁned spherical NPs have sizes below 165 nm and high encapsulation efﬁ-
ciencies. In vitro activity of NPs is tested in hypopharynx squamous carcinoma (FaDu) cells and 
nonmalignant epithelial cells, demonstrating that the presence of additional α-TOS signiﬁcantly 
enhances its antiproliferative activity; however, a range of selective concentrations is observed. 
These NPs induce apoptosis of FaDu cells by activating the mitochondria death pathway (via 
caspase-9). Both loaded and unloaded NPs act via complex II and produce high levels of reac-
tive oxygen species that trigger apoptosis. Additionally, these 
NPs effectively suppress the vascular endothelial growth factor 
(VEGF) expression of human umbilical vein endothelial cells 
(HUVECs). These results open the possibility to use this prom-
ising nanoformulation as an α-TOS delivery system for the 
effective cancer treatment, effectively resolving the current 
limitations of free α-TOS administration.
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cases each year.[3,4] Currently, the therapeutic approach of 
these tumors is the surgery when the tumor is resectable 
that is followed or combined with radiotherapy or chem-
oradiotherapy.[5,6] However, the adverse effects of these 
therapies are multiple, including mucositis, dermatitis, 
and dysphagia among others.[6,7]
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α-TOS-based RAFT block copolymers and their
NPs for the treatment of cancer†
Raquel Palao-Suay,a,b María Rosa Aguilar,*a,b Francisco J. Parra-Ruiz,a
Samarendra Maji,c Richard Hoogenboom,c N. A. Rohner,d Susan N. Thomasd and
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α-Tocopheryl succinate (α-TOS) is a well-known mitochondrially targeted anticancer compound.
However, a major factor limiting the use of α-TOS is its low solubility in physiological media. To
overcome this problem, the aim of this work is the preparation of new polymeric and active α-TOS-
based nanovehicle with a precise control over its macromolecular architecture. Reversible
addition–fragmentation chain transfer polymerization (RAFT) is used to synthesize an α-TOS amphiphi-
lic block copolymer with highly homogeneous molecular weight and relatively narrow dispersity.
Macro-chain transfer agents (macro-CTA) based on poly(ethylene glycol) (PEG) of diﬀerent molecular
weights (MW, ranging from 4.6 to 20 kDa) are used to obtain block copolymers with diﬀerent
hydrophilic/hydrophobic ratios with PEG being the hydrophilic block and a methacrylic derivative of
α-tocopheryl succinate (MTOS) being the monomer that formed the hydrophobic block. PEG-b-poly
(MTOS) form spherical nanoparticles (NPs) by self-organized precipitation (SORP) or solvent exchange
in aqueous media enabling to encapsulate and deliver hydrophobic molecules in their core. The result-
ing NPs are rapidly endocytosed by cancer cells. The biological activity of the synthesized NPs are
found to depend on the MW of PEG, with the NP comprised of the higher MW copolymer resulting in a
lower bioactivity due to PEG shielding, inhibiting cellular uptake by endocytosis. Moreover, the biologi-
cal activity also depends on the MTOS content, as the biological activity increases as a function of
MTOS concentration.
Introduction
The rapid growth of nanomedicine has opened the possibility
to create sophisticated strategies against cancer and other
diseases at a nanoscale where the properties of materials often
diﬀer from those of the corresponding bulk materials.1,2
As such, a wide range of materials based on natural or
synthetic polymers are available to design self-assembled
nanostructures.3–5 Macromolecular self-assembly represents a
spontaneous process that involves the organization of
amphiphilic macromolecules in an aqueous environment,
forming diﬀerent supramolecular structures.6,7 One interesting
example of this variety of supramolecular assemblies is nano-
particles (NPs) that exhibit a core–shell morphology based on
the use of amphiphilic polymers with hydrophobic and hydro-
philic domains.8–10
The preparation of advanced nano-assemblies using amphi-
philic copolymeric systems requires optimal control over the
chemical composition and distribution of monomeric units
into the macromolecular chains. In this sense, amphiphilic
polymers can be obtained by diﬀerent synthetic method-
ologies, such as free radical or controlled radical polymeriz-
ation (CRP). Both techniques proceed via the analogous
radical mechanism. However, conventional free radical
polymerization does not allow the complete control of the
molecular weights (MW) and therefore, heterogeneous mix-
tures of macromolecular chains are obtained. Thus, CRP
methods have emerged as potent tools for the synthesis of
macromolecular architectures that exhibit a narrow dispersity
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a b  s  t r  a  c  t
Self-assembled  nanoparticles  have  reached a  growing  interest  for the  improvement  of
cancer  diseases  and  associated  inﬂammation processes.  This  article  describes  the most
representative types  of self-assembling  nanosystems,  including  a  detailed  review  of
different  methodologies  for their  preparation. Nanoparticles  are  commonly  formed by self-
assembling of  amphiphilic polymers in  aqueous  environment.  For that reason, the main
strategies  for the  design  of  amphiphilic  polymeric  systems  are  also reviewed,  with an
emphasis  on  the  different polymerization  techniques  of  synthetic monomers  and  several
strategies of chemical  modiﬁcation  of polysaccharides and  proteins. Additionally,  most
advanced applications  of self-assembled nanocarriers for  the  improvement  of treatment
of cancer  and inﬂammation  diseases  are also  discussed, focusing on  the description  of
drug-loaded and  drug-conjugated  systems,  active  targeted  strategies and most  recently
possibilities for  the  multimodality treatment  of cancer  diseases.
© 2015 Elsevier Ltd.  All rights reserved.
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1. Introduction
Nanomedicine is growing in  directions of  diagnos-
tic, treatment and theranostics (diagnostic, drug delivery
and therapeutics), and the participation of systems based
on a macromolecular concept is  well recognized [1–3].
In fact, we  have to learn from nature that most of the
activities in the living organism, including the human
body, are based on the design and  application of  bioac-
tive systems and drugs developed in a macromolecular
or polymeric concept. Nature shows a  lot  of  examples
that we have the opportunity to apply; i.e. bioactive sys-
tems and macromolecular drugs. Systems such  as heparin,
chondroitin sulfate, heparan sulfate (polysaccharides),
or insulin, growth hormone, ﬁbroblast growth factor,
morphogenetic proteins, ﬁbronectin, albumin, ﬁbrinogen
(proteins) and other well-known bioactive compounds are
designed and fabricated in our organism within a macro-
molecular architecture.
High molecular weight (MW)  polymers with speciﬁc
molecular architectures present the ability of association
and distribution in  speciﬁc nanodomains, with morpholo-
gies and properties depending on the nature of the
molecules [4]. The design, composition and morphologi-
cal assembly of the cells and  the extracellular matrix in
the human organism are developed on the basis of  the
interactions and arrangements of long  molecules with spe-
ciﬁc properties. On this way, the cytoplasmic membrane
is composed of a  bilayer assembled organization of lipid
molecules containing a hydrophilic head. These individual
and isolated structures develop their activity in a medium
of controlled viscosity constituted by a macromolecular
hydrogel of unique characteristics (collagen), which allows
the development of  the  cellular activity and at  the end, the
proliferation of  cells and fabrication of tissues and organs.
Macromolecular self-assembly is a  spontaneous process
based on the ensemble of molecules into 3D supramolec-
ular structures with different morphologies such as
polymeric micelles (PM), nanoparticles (NP), polymero-
somes, etc. [5,6]. This process is  possible due to the
amphiphilic nature of these structures, containing both
hydrophobic and hydrophilic domains. Particularly, in  the
core–shell organization, the inner core is  composed of  the
hydrophobic part of the amphiphilic polymer and serves
as a nanocontainer of  poor soluble drugs. This core is
surrounded by an  outer shell based on hydrophilic poly-
mers [7–9]. The  characteristics of self-assembling systems
depend on several important factors:
- Design, molecular composition and structure, consider-
ing macromolecular size and size distribution.
- Monomeric or co-monomeric sequences arrangement
and distribution along the macromolecular chains.
- Functionality and its distribution in the structure of  the
macromolecular systems.
- Structural and morphological distribution in nanodoma-
ins.
- Macromolecular associations of natural and synthetic
polymers, and  stability in physiological conditions.
The structural characteristics of  self-assembling sys-
tems have several advantages to improve the effectiveness
and safety of  cancer and anti-inﬂammation therapies for
clinical use [10–13]. For example, the encapsulation of
chemotherapeutic and anti-inﬂammatory drugs  in the  core
of these assemblies improves their  aqueous diffusion and
transport, as well  as bioavailability, decreasing their toxic
side effects [14,15].  Moreover, their hydrophilic surfaces
decrease clearance by the reticuloendothelial system (RES),
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TPGS tocopheryl polyethylene glycol 1000 succi-
nate
VEGF vascular endothelial growth factor
w/o/w water-in-oil-in-water emulsion
presumably preventing opsonization by reducing the pro-
tein interaction. This strategy also allows the  protection
of drugs from degradation and  produces their controlled
release to  the tumor site due to the  enhanced permeabil-
ity and retention (EPR) effect [16–18]. On the other hand,
advances in engineering of block copolymers offer a wide
range of  possibilities to control the  most inﬂuential prop-
erties of  the polymeric assemblies, such as the particle
size, stability or loading capacity of  drugs, and to achieve
an optimal active targeting to tumor site by modiﬁcation
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of the shell of  the macromolecular structures with spe-
ciﬁc ligands to  promote cell targeting [7,19].  In fact the
structure and morphology of self-assembled systems in  a
biomimetic scenario, including the decoration of  the NP
by ligands with high afﬁnity to  receptors overexpressed
in cancer cells, are the most important parameters to  con-
trol and to enhance the most frequent mechanism of the
incorporation of the bioactive NP systems that is the endo-
cytosis or pinocytosis. The application of NP systems brings
novel and advanced possibilities including the lowering of
the toxicity of the applied systems, without a noticeable
decrease of  the drug activity. The  speciﬁc decoration of  NP
offers an additional contribution to new and advanced per-
spectives for the treatment of  cancer and the application of
anti-inﬂammatory therapies.
“Polymer therapeutics” can be considered the ﬁrst gen-
eration nanomedicine. It  includes polymers with inherent
biological activity, polymer–proteins and polymer–drug
hybrid conjugates, PM,  supramolecular assemblies that
form multicomponent polyplexes designed for intracellu-
lar delivery of genes and proteins  [20,21]. According to
the properties of the macromolecular systems, they can
be designed in  different ways and morphologies. Fig. 1
shows schematically the design and conﬁguration of  a sen-
sitive system that can be considered a good nanocarrier
for drugs with anti-tumor activity and  anti-inﬂammatory
effects. The self-assembled NP contains the drug (normally
a non-polar compound with a limited solubility in water
or in physiological ﬂuid) in the core and a sensitizer (in
this case a  photosensitizer), and in the shell layer a  tar-
geting ligand for interaction and selective linking to  the
cytoplasmatic membrane [22]. The design of this micel-
lar system protects the drug  from the external medium
(the physiological medium) until the cytoplasmatic mem-
brane is reached, where the adequate interaction between
the targeting ligand and the receptor of  the membrane
favors the endocytosis process.  The  release of  the active
compounds and the direct activity of the anti-tumor or
anti-inﬂammatory drug, with high efﬁcacy and low toxic-
ity, are produced in the cytoplasm of  the cells. If the carrier
or NP is designed with a  biodegradable or resorbable poly-
mer component, the system is cleared from  the cell and
from the body without accumulation [23,24].
This review describes the possibilities of design and  for-
mulation of advanced pharmacologically active  systems
and polymer drugs to obtain self-assembled NP for anti-
cancer and/or anti-inﬂammatory applications, considering
the origin and nature of the polymeric materials that can
be used as support matrices of nanocarriers.
2. Methodologies for self-assembling systems
2.1. Types of  self-assembling nanosystems
Synthetic or natural-derived amphiphilic polymers can
self-associate in  aqueous media due to intra- and/or inter-
molecular hydrophobic interactions [25] giving rise to a
variety of nanosized structures with potential application
in advanced cancer therapies. These delivery systems can
be classiﬁed according to  their different supramolecular
organization into micelles and diverse types of NP.
PM are among the ﬁrst  polymeric self-aggregates which
were described in the literature as nanoscale drug deliv-
ery systems [26,27]. It  is  generally accepted that micelles
are built  from individual polymeric molecules [28] which
are thermodynamically driven to self-assemble due  to  their
amphiphilic nature. PM can  be obtained from block or
random copolymers, or either from hydrophobically modi-
ﬁed hydrophilic polymers where  the hydrophobic residues
can be attached to one end  of the polymer or randomly
distributed within the polymeric structure, giving  rise to
different supramolecular structures (see Fig. 2).
The cores of the micelles can act  as reservoirs for
anticancer agents, which are usually hydrophobic, and
their hydrophilic shells facilitate their solubility in aque-
ous media [29].  The small size of  PM,  commonly between
10 and  100 nm,  has several advantages such as the  pos-
sibility of  extravasation of the nanocarriers along with
the minimization of the  risks of  embolism in capillaries
[30]. Furthermore, their unique small size  facilitates longer
blood circulation times and thus leads to  enhanced accu-
mulation at tissue sites with vascular abnormalities such
as tumor tissues [7].
NP can be prepared by  spontaneous self-organization
due to the same thermodynamic principles previously
described for micelles, which are generally based on the
amphiphilic nature of  the polymers or the association
of oppositely charged polyions. Two  different types of
self-assembling NP can be  obtained depending on the
preparation procedure: nanospheres or nanocapsules (NC)
(see Fig. 2).  Nanospheres consist of packed polymeric
matrices while NC are  vesicular systems with an inner
cavity surrounded by a polymeric membrane [31]. When
nanospheres are loaded with anticancer agents, these are
dispersed throughout the  NP.  However, these agents are
conﬁned in the  cavity  when loaded into NC, which acts as
a reservoir systems.
Nanospheres can in turn be divided into micellar asso-
ciations, formed by aggregation of  individual micelles,
and nanogels, consisting of  nanosized polymeric matri-
ces which are physically cross-linked by the interaction
between the hydrophobic chains or residues of  amphiphilic
polymers. In addition, hydrogen bond or  electrostatic inter-
actions can also support the cross-linking of  nanogels to
form water-swollen NP  [32].
NC can be classiﬁed according to the nature of  their
cavities, which can contain active substances in liquid or
solid form, or as molecular dispersions, being this reser-
voir either lipophilic or hydrophobic [33].  A particular
nanocapsular structure are polymersomes, which are simi-
lar to liposomes but  are composed of amphiphilic polymers
instead of  amphiphilic lipids [5].
Conventional dendrimers lack self-assembling behav-
ior. However, amphiphilic dendrimers are able to form
micelle-like NP by self-assembly, usually exhibiting
hydrophilic groups on their surface [5,34]. Moreover, den-
dronized polymers-based NP, which can combine both
the characteristics of self-assembled nanostructures and
dendrimers have been  prepared by  covalently linking
hydrophobic dendrons to hydrophilic polymer backbones
so that the resulting conjugates have an  amphiphilic nature
capable of  self-organizing into core–shell structures [35].
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Fig. 1. Active targeting of advanced self-assembled nanoparticles. Design of  components and mechanism of bioactivity.
Alternatively, monomers already carrying dendrons can
be subjected to  polymerization giving rise to dendronized
polymers [36,37].
2.2. Methodologies for the obtaining  of self-assembling
nanosystems
Self-assembling polymer nanosystems (i.e. micelles,
nanospheres or NC) are normally obtained from preformed
polymers with an  appropriate hydrophobic/hydrophilic
balance using the following techniques:
Solvent evaporation:  this is a widely used method for
the preparation of NP for drug delivery formulations. The
polymer is  dissolved in  a volatile solvent and  an  emulsion
is formulated with or without surfactant using high-speed
homogeneization or ultrasonication. The solvent diffuses
through the continuous phase and evaporates by continu-
ous magnetic stirring or  under reduced pressure, giving rise
to a  nanoparticle suspension. The  process can be carried
out in single emulsions, e.g. oil-in-water (o/w) or double
emulsions, e.g.  water-in-oil-in-water emulsion (w/o/w).
Saeed et  al. [38] prepared well-deﬁned smart NP
by (w/o)/w double emulsion to encapsulate DNA with
high efﬁciency. NP were based on  poly(lactic-co-glycolic
acid)-S-S-poly(lactic-co-glycolic acid) (PLGA-S-S-PLGA)
and PLGA-S-S-Poly(ethylene glycol methacrylate)-folate
(PLGA-S-S-PEGMA-Fol) block polymers synthesized using
a combination of ring opening polymerization (ROP) and
atom transfer radical polymerization (ATRP). The terminal
functionality of the ATRP-obtained polymer was  modiﬁed
in order to incorporate an azide moiety to be reactive
with propargyl folate via Huisgen [1,3]  dipolar cycloaddi-
tion. Block polymers self-assembled using the following
conditions: PLGA-S-S-PLGA and PLGA-S-S-PEGMA-Fol
were dissolved in  dichloromethane and  mixed with an
aqueous solution with or  without plasmid DNA using
vortex agitation. The emulsion was  poured in ethanol. The
organic solvent was evaporated under reduced pressure
yielding the ﬁnal NP.
Nanoprecipitation (or solvent  displacement method):
the polymer is  dissolved in a  semipolar solvent (miscible in
water) and  is added dropwise in water (non-solvent of  the
polymer). A rapid diffusion  of the semipolar solvent takes
place and a decrease of  interfacial tension between the two
phases occurs, giving  rise  to the formation of  small droplets
of precipitated polymer. This method has been widely
used in the preparation of  self-assembled NP for  the syn-
thesis of  anti-cancer drug delivery systems. For  example,
Sanna et  al. [39] prepared resveratrol loaded NP by dissolv-
ing poly(-caprolactone) (PCL) and PLGA–poly(ethylene
glycol)–COOH (PLGA–PEG–COOH) (1.5:1), and resveratrol
(2, 3, and  4% w/w)  in  acetonitrile and  added into water
under magnetic stirring. The  colloidal suspension was
stirred at  room temperature to remove the organic solvent
and NP were isolated by  centrifugation and  washed with
water to eliminate the non-encapsulated drug.
Li et al.  [40]  used a modiﬁed nanoprecipitation method
to prepared doxorubicin (DOX) loaded NP based on
dextran-b-PCL (DEX-b-PCL). Brieﬂy, DEX-b-PCL was dis-
solved in DMSO and DOX·HCl  was neutralized with
triethylamine (TEA) in DMSO. Both solutions were mixed
and stirred at 60 ◦C  and  added dropwise to  water. The
resulting suspension was dialyzed against water (MW  cut-
off 12,000) to remove unloaded DOX  and the product was
ﬁltered through a 0.45 m syringe ﬁlter before used.
Salting-out: In  this method the polymer is dissolved in a
solvent that is miscible with water (i.e. acetone, ethanol,
ethyl acetate, etc.) and an  emulsion is obtained dissolv-
ing high concentrations of salt (e.g. magnesium chloride,
calcium chloride or magnesium acetate) or sucrose in  the
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Fig. 2. Morphology of  self-assembling polymeric nanocarriers.
aqueous medium. A strong salting-out effect  is produced
changing the miscibility of  the used solvent. However, dilu-
tion of the emulsion by the addition of water produces
the precipitation of  the polymer dissolved in the droplets
of the emulsion by a reverse  salting-out effect. For exam-
ple Cirstoiu-Hapca et al. [41] prepared paclitaxel (PTX)
loaded NP using acetone, poly(lactic acid) (PLA) and PTX
as organic phase and a solution of  15% poly(vinyl alco-
hol) (PVA) and 60% w/w of  magnesium chloride in water.
The surface of these NP was decorated with monoclonal
human epidermal growth factor receptor 2 (HER2) anti-
body (trastuzumab, Herceptin®)  in order to target HER2
membrane receptors of certain primary and metastatic
tumors.
Dialysis: the polymer is dissolved in  an organic sol-
vent and placed in a  dialysis membrane with a cut-off low
enough to  avoid the polymer diffusion. The dialysis is  per-
formed against a non-solvent miscible with the organic
solvent and the displacement of  the solvent in the mem-
brane produces the formation of narrow-distribution of
small NP. This simple method has been widely used in
the  preparation of hydrotropic oligomer-conjugated glycol
chitosan NP for tumor-targeted PTX delivery [42].
Supercritical ﬂuid technology (SCF):  is an  environmen-
tally friendly technology as it  avoids the  use  of organic
solvents in  the synthetic process providing a residuum-
free and effective alternative to  traditional methods used
in the  synthesis of NP. Carbon dioxide (CO2)  in supercriti-
cal conditions (72.9 atm or  7.39 MPa  and 304.25 K) behaves
midway between a gas  and a liquid, i.e. expanding to ﬁll
the container like a gas, but  with a density proper of
liquid state. SCF has  been used to obtain NP and  more
speciﬁcally to  prepare self-assembled NP of  amphiphilic
polymers. Zhang et  al. [43] prepared 5-ﬂuorouracil-loaded-
poly(l-lactic)-polyethylene glycol/polyethylene glycol (5-
FU-loaded-PLLA–PEG/PEG) NP using  a novel supercritical
CO2 technique.
Spray-drying: This method is commonly used in the
pharmaceutical industry to obtain  a dry powder from a liq-
uid or slurry by the fast drying of a hot gas  (air or nitrogen
depending on the sensitivity of the compounds). It is not
commonly used to obtain  NP from amphiphilic copolymers
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but Meenach et  al. [44] have recently used  this technique
in the preparation of an aerosol of  advanced spray-dried
chemotherapeutic PEGylated phospholipid particles for
dry powder inhalation delivery in lung cancer.
Dispersion polymerization:  Shalviri et al. [45,46]
designed a  novel one-pot method to simultaneously
obtain grafting onto starch and NP formation. Brieﬂy,
methacrylic acid (MAA) and polysorbate 80 (PS80)  were
grafted onto starch (PMAA-PS80-g-starch) being the
obtained amphiphilic polymer sensitive to acidic pH  in
order to overcome multidrug resistance (MDR).
2.3. Preparation of  amphiphilic polymers
Amphiphilic polymers present at  least a combination
of hydrophilic and hydrophobic segments. They form
self-assembled structures when placed in aqueous envi-
ronments with a hydrophobic inner core  and  a hydrophilic
shell. Chemical composition of the  repeating units and  the
monomer distribution in the  macromolecular chains will
deﬁne the physico-chemical properties of the polymers
that will drive the self-assembled process, stability and
drug encapsulation efﬁciency and  release proﬁles. There-
fore, the choice of appropriate monomers, macromolecular
architecture and hydrophobic/hydrophilic balance will be
crucial in the design of drug delivery systems for anti-
cancer and anti-inﬂammatory applications.
2.3.1. Synthetic polymers
Synthetic polymers have been broadly explored for
the design of nanocarriers in the ﬁeld of biomedical
applications and, particularly, for their application in
cancer diseases and anti-inﬂammatory therapies due to
their high versatility and  optimal balance of physico-
chemical and biological properties. The  most widely
used components for the preparation of  amphiphilic
polymers are typically PEG, Pluronics®, poly(N-(2-
hydroxypropyl)methacrylamide) (HPMA), poly(glutamic
acid) (PGlu) and different poly(amino acids) (PAA) and
poly(esters). Additionally, peptide amphiphiles (PA) and
poly(2-oxazolines) (POX) have also been used because of
their advanced properties and interesting potentials in
this ﬁeld (see Fig. 3).
Amphiphilic polymers have been obtained by different
synthetic methods including ROP, free radical copolymer-
ization, controlled/living radical polymerization, or click
chemistry reactions. ROP is the most straightforward and
practical approach for large-scale production of high MW
polyethers, polyesters, polypeptides and POX. Bae et  al.
[47] reviewed the designed efforts to  obtain smart PM
from functional PEG-b-PAA block copolymers. PAA have
been obtained by traditional solid-phase peptide synthesis
methods, such as the  condensation of monomers pro-
tected at one carboxyl and activated for  polymerization
at the other, followed by protecting group removal (pro-
tection/conjugation/deprotection). Activated amino acid
monomers, e.g. activated esters or N-carboxyanhydride
(NCA), have been used to obtain sequences longer than
10 repeating units. Fuchs–Farthing method has been used
to obtain pure NCA with high yields, and good control of
microstructure and MW  [48].
Ding et  al. [49,50] combined ROP  with ATRP to obtain a
cationic PAA vesicle for drug  and  gene-codelivery. ROP was
used in the synthesis of  poly(-2-chloroethyl-l-glutamate)
(PCELG) using  -2-chloroethyl-l-glutamate  NCA as start-
ing material and n-hexylamine as initiator. A “grafting
from” approach was used to attach oligo(2-aminoethyl
methacrylate hydrochloride) (OAMA) to the PCELG yielding
amphiphilic poly(l-glutamate)-g-OAMA that formed vesi-
cles in phosphate buffered saline (PBS). Authors not only
encapsulated and released DOX·HCl but also, the cationic
nature of the vesicles allowed the  incorporation of  DNA,
which makes these vesicles promising carriers for codeliv-
ery of  anti-cancer drugs and genes.
Free radical polymerization is a well-known and  cheap
synthetic route that can be used to obtain amphiphilic
pseudo-block copolymers with an appropriate monomer
distribution to allow self-assembling in  suitable condi-
tions. This occurs by  the copolymerization of a  hydrophilic
monomer and  a hydrophobic monomer of  very differ-
ent reactivity ratios. Lopez-Donaire et al.  [51] synthesized
copolymers based on oleyl 2-acetamido-2-deoxy--d-
glucopyranoside (OAG) due  to  the potent anti-mitotic
activity that OAG presents against glioma cells (U-373).
For this purpose a methacrylic group was  covalently
linked through a carboxylic ester function at  position C-
6 on the pyranosidic ring, and the obtained methacrylic
derivative was copolymerized with N-vinyl pyrrolidone.
The big difference between the monomers reactivity
ratios (rOAGMA = 5.94 and rVP = 0.01) gave rise  to pseudo-
blocks, with long sequences of  the hydrophilic or the
hydrophobic monomer. The monomer distribution and  the
hydrophilic/hydrophobic balance allowed the formation of
NP in aqueous media [52].  Cell culture assays demonstrated
a selective effect of  the obtained NP that reduced signiﬁ-
cantly cell viability of human glioblastoma cell line (A-172)
compared to normal human ﬁbroblasts.
García-Fernández et al. also prepared antiangio-
genic copolymers by  free radical copolymerization of a
methacrylic derivative of  5-amino-2-naphthalene sulfonic
acid (MANSA) [53] and butyl acrylate (BA) by free radi-
cal polymerization. The  copolymers poly(BA-co-MANSA)
formed spontaneously stable NP in aqueous media. The
antiangiogenic activity of  the heparin-like system was
related to the direct interaction of  the sulfonic acid
groups of  MANSA with speciﬁc growth factors involved in
endothelial cell migration and  proliferation, and depended
not only on the  chemical composition but also on their
supramolecular organization [54,55].
Nitroxide-mediated polymerization (NMP)  [56], ATRP
[57–60]  and reversible addition and fragmentation trans-
fer chain polymerization (RAFT)  [61,62] are  the main
approaches used in the  development of amphiphilic poly-
mers, however due to its versatility and the lack of  metal
catalyzers, RAFT has gained importance in the development
of polymeric NP for cancer and  anti-inﬂammatory applica-
tions [63,64].
Blunden et  al. [65] prepared block  copolymers by ring-
opening polymerization of d,l-lactide using a  RAFT agent
with an additional hydroxyl group, followed by the RAFT
copolymerization of 2-hydroxyethyl methacrylate and 2-
chloroethyl methacrylate. The well-structured polymers
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Fig. 3. Chemical structures of the most widely used synthetic polymers.
were modiﬁed to incorporate the ruthenium metallodrug
RAPTA-C [RuCl2(p-cymene)-(PTA)] in their structure using
the Filkestein reaction. RAPTA-C inhibits cell growth by
triggering G2/M phase arrest and apoptosis in  cancer cells,
and slowing cell division resulting selective and  efﬁcient
on metastases in vivo. Zhao et al. have recently devel-
oped a  pH sensitive acid degradable amphiphilic graft
copolymer using two sequential controlled/living radical
polymerization processes: RAFT and ATRP. First, 2,4,6-
trimethoxybenzylidene-1,1,1-tris(hydroxymethyl) ethane
methacrylate (TTMA) was polymerized by RAFT  and  then 2-
hydroxyethyl methacrylate was polymerized by ATRP. The
well-structured copolymer formed NP by  solvent exchange
methods at pH 7.4 that presented low critical micelle
concentration (CMC), high loading efﬁciency, excellent bio-
compatibility and rapid disassembly in acidic conditions
[66].
Click chemistry offers a powerful toolbox for material
scientists to design amphiphilic block  copolymers for  their
application in  biomedicine as click reactions present high
efﬁciency under mild conditions, minimal and limited side
reactions.
Xu et  al. [67] reported the  synthesis of dendron-like
poly(-benzyloxycarbonyl-l-lysine)/linear polyethylenox-
ide (PEO) block copolymers by the combination of  ROP
of -benzyloxycarbonyl-l-lysine NCA and  click chemistry.
The encapsulation and controlled release of  anticancer
drug DOX highlight the potential of these systems in  cancer
therapy.
Click chemistry has been used not  only in the synthesis
of amphiphilic block copolymers of  deﬁned structure
and architecture, but also in the functionalization of
systems to provide them with complex functionalities
[68]. In this sense Schoichet et al.  [69] performed a
Diels–Alder [4 + 2] cycloaddition and a Huisgen 1,3-
dipolar cycloaddition azide-alkyne click reactions for
surface modiﬁcation of  polymeric NP.  The  authors pre-
pared poly(lactide-co-2-methyl-2-carboxytrimethylene
carbonate)-g-polyethylene glycol-furan/azide NP that
exhibit furan and azide dual functionality in the PEG
corona. These moieties enabled orthogonal click reac-
tions to  sequentially conjugate trastuzumab-maleimide
antibodies and alkyne-functionalized antisense oligonu-
cleotide for gene silencing to  the PEG corona. The  modiﬁed
NP were tested using  the human ovary cancer line SKOV-
3luc that express HER2 and  ﬁreﬂy luciferase. The  results
obtained when cells were treated with dual functional-
ized NP (having both small interfering RNA (siRNA), and
trastuzumab) in terms of gene knockdown were as good
as lipofectamine LTX® transfection.
The thiol–ene reaction has also been used in the
surface modiﬁcation of NP. Van der Ende et  al.  [70]
linked targeting peptides to polyester-based 3D-nano-
networks. The particles (53 nm)  were formulated
based on poly(valerolactone-epoxyvalerolactone-
allylvalerolactone-oxepanedione) containing 11% epoxy
and crosslinked with 2 equivalents of  diamines per epox-
ide. Targeting peptides (HVGGSSV and Arg-Gly-Asp (RGD))
were conjugated to the free allyl  groups on the  surface  of
the particles by  a thiol–ene reaction carried out  in DMSO.
Table 1  summarizes the main methods used in the
preparation of amphiphilic synthetic polymers for appli-
cation in cancer therapy.
2.3.2. Natural polymers
A variety of  amphiphilic derivatives of  polysaccharides
and proteins for application in chemotherapy and  anti-
inﬂammatory therapies have been reported in recent years
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Table  1
Representative methods used in the preparation of  amphyphilic synthetic copolymers.
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[71].  Among polysaccharides, it can be said that hyaluronic
acid (HA) and chitosan have been the most extensively
studied but other polymers such as heparine, chondroitin
sulfate, DEX, starch and its derivatives, pullulans, and algi-
nates (ALG) have also been  investigated (see Fig. 4). Some
proteins are amphiphilic by nature or can be modiﬁed
easily with amphiphiles to form micelles under different
conditions, and can be applied as nanocarriers.
Given the signiﬁcant importance of a homogeneous and
anhydrous environment to achieve high yields in  coupling
reactions [72], and avoid the limitations of conjugation
in mixed water/organic solvents (such as the necessity
of multiple activation steps) [73],  it is  critical to ﬁnd
an organic solvent in which both the natural polymer
and the hydrophobic moiety are soluble. Some polysac-
charides such as pullulans [72,74,75] or heparins [76,77]
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Fig. 4. Chemical structures of polysaccharides applied in targeting and drug delivery.
can be readily dissolved in  organic solvents upon mild
heating. For the solubilisation of other polysaccharides in
organic solvents, inventive strategies have been designed.
For instance, HA was solubilized in anhydrous DMSO by
complexing with dimethoxy poly(ethyleneglycol) to gen-
erate HA–PTX bioconjugates with high yield without using
any salts and blocking agents [73].  HA and  heparins can  be
chemically modiﬁed mainly through their carboxylic acid
or hydroxyl groups. It  is noteworthy that carbonyl com-
pounds preferably bind to  their hydroxyl groups at  C6 [75].
Since polysaccharides have one reductive end, they can
also be modiﬁed through this functional site. Functional
amino groups may  also be recovered from HA by deacety-
lation of the N-acetyl group [78], and  from heparins by
N-desulfonation [79]. Analysis of the chemical modiﬁca-
tions on HA and heparin have been reviewed by Schanté
et al. [80] and Fernández et al.  [81], respectively. Concern-
ing self-assembling systems for the treatment of  cancer
HA and heparins have been conjugated to  a variety of
hydrophobic moieties, from molecules as simple as acetyl
groups linked by  a  thermally activated reaction (40 ◦C)
between acetic anhydride and the  hydroxyl groups on
the polysaccharide [82],  to biomimetic hydrophobic poly-
mers such as poly(-benzyl l-glutamate) coupled using
more sophisticated Click chemistry (Huisgen 1,3-dipolar
cycloaddition using CuBr as  the catalyst and N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDETA) as a ligand)
[83].
Amphiphilic HA has been obtained via esteriﬁcation of
its carboxylic acids by conjugation of with hydrophobic
molecules such as monostearin [84] or octadecyl moi-
eties [85] through 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS)-
mediated reactions. EDC/NHS activation was also  used
for the amidation of  HA via its carboxylic acids using
histidine (His) [86], a number of different fatty amines
and polyamines [87], as well  as amine-functionalized
5-cholanic acid [88] and  deoxycholic acid (DOCA)
[89], Amine-terminated hydrotropic oligomers have
also been reacted with the carboxylic acid of HA in the
presence of  EDC  and HOBt [90]. Heparin derivatives
have also been obtained via amidation of its carboxylic
acids. Heparin–DOCA conjugates were prepared by linker-
mediated coupling of  N-(2-aminoethyl)-deoxycholylamide
with the carboxylic groups of heparin in  the pres-
ence of EDC [77]. Similar approaches were used to
conjugate heparin with amine-terminated poly(-benzyl-
l-aspartate) using EDC [76] and aminated folate  using EDC
[76,91,92] or N,N′-dicyclohexylcarbodiimide (DCC)/NHS
[93]. Aminoacids have been  used as spacers for the
conjugation of  HA with PTX, where HA tetrabutylammo-
nium salt was conjugated with 2′-aminoacyl-PTX using
EDC/NHS activation [94]. Similar approaches consisting of
previous amination of  PTX or (docetaxel) DCT  for  subse-
quent reaction with the carboxylic acids  of  heparin in  the
presence of  EDC/NHS were exploited to obtain heparin-
PTX [95] and heparin-DCT conjugates [96], respectively.
Curcumin and DOX have also been conjugated to HA,
either by direct conjugation via DDC/N,N-dimethyl amino
pyridine (DMAP)-mediated esteriﬁcation [97], or by
linker-mediated coupling using spacers such as adipic
dihydrazide [98,99]. Retinoic acid has been conjugated
with heparins in a number of  works, either by amidation
of their carboxylic groups with previously aminated
retinoic acid  using EDC  [91,92,100,101] or via reaction
of DCC/NHS-activated all-trans retinoic acid (ATRA) with
hydroxyl groups of  heparin [93]. Several strategies for the
preparation of  amphiphilic ALG with potential application
in cancer therapy as nanocarriers exist in the literature.
A library of  amphiphilic ALG esters with different degree
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of substitution (DS) and hydrophobic alkyl length were
synthesized by the reaction between partially protonated
sodium ALG and aliphatic alcohols (octanol, dodecanol
or hexadecanol) [102,103]. NP of  alginic acid (ALG-H)
and poly[(2-(diethylamino)ethyl methacrylate)] (PDEMA)
were successfully prepared in aqueous medium using a
polymer–monomer pair reaction system  consisting of the
anionic ALG and the cationic monomer DEA in presence
of potassium peroxydisulfate (K2S2O8) as a radical initia-
tor. Ca2+ was introduced to gel  the ALG moieties at the
outer shell of NP that encapsulated hydroxycamptothecin
(HCPT) [104].  Chitosan has been chemically modiﬁed by
linking hydrophobic groups on hydroxyl [105] or amino
groups. Due to  the higher reactivity of amino groups, the
majority of the modiﬁcations have used this group mainly
through N-acylation reactions [106,107].
N-octyl-N,O-carboxymethyl–low molecular weight chi-
tosan (LMWC) was synthesized by  two-step modiﬁcation
of LMWC  to prepare self-assembled PM for encapsulation
of PTX. Alkyl chains were conjugated to  the  ﬁrstly pre-
pared carboxymethylchitosan using octanal and  sodium
borohydride (NaBH4)  as  a reducing agent [108]. Conjugates
of chitosan oligosaccharide with linoleic acid have been
synthesized using EDC to obtain micelles as a carrier for
DOX [109].  Stearic acid grafted chitosan oligosaccharide
with different DS was also synthesized by EDC mediated
coupling reaction. PTX was incorporated into  the micelles
and the surfaces of the micelles were further  cross-linked
with glutaraldehyde to  form drug loaded and  shell cross-
linked NP with improved in vivo stability [110]. Micelles
of this type presented excellent internalization into cancer
cells and accumulation in cytoplasm, either for PTX-loaded
[111] or  DOX-loaded [112].  Self-assembled amphiphilic
N-(2,3-dihydroxypropyl)–chitosan–cholic acid  was syn-
thesized by linking small molecules of cholic acid and
glycidol onto primary amine group of  chitosan, respectively
[113].  Hydrophobically modiﬁed glycol chitosan (HGC) NP
conjugated with interleukin-4 receptor binding peptides
were prepared to enhance cellular uptake of NP in  tumor
tissues [114]. Some polysaccharides can only be modiﬁed
through their hydroxyl groups or reductive ends, because
of these are the only available functional groups. This is the
case of pullulans, starch and its derivatives, DEX, cellulose
or curdlan.
Various amphiphilic pullulans have been prepared
for cancer treatment applications. Cholesteryl pullulan
has been prepared by reacting pullulan with cholesterol
succinate as a  carrier for mitoxantrone (MTO) [115]. Fur-
ther modiﬁcation of cholesteryl pullulan with biotin was
achieved by direct esteriﬁcation of its hydroxyl groups
with EDC/DMAP [116]. Folated pullulan was likewise pre-
pared as  a  carrier for DOX by direct conjugation using
DDC/DMAP in a simple, one-step reaction obtaining very
high substitution yields [75]. Following the same method,
folated pullulan was further coupled with the photo-
sensitizer pheophorbide (Pba) [72].  Alternatively, DOX
was chemically linked to pullulan by ﬁrst functionalizat-
ing the polysaccharide with carboxylic acid groups via
reaction with maleic anhydride, using TEA as a cata-
lyst, and subsequent amidation with DOX  in the  presence
of EDC/NHS and TEA [117]. This  conjugate was further
folated using the same catalytic system [117]. Folated
pullulan–DOX conjugates were also obtained using a  dif-
ferent strategy: oxidized pullulan was  ﬁrst conjugated to
cysteamine and diamino-PEG, followed by conjugation of
DOX to the cysteamine thiol groups and  coupling of folic
acid (FA) to the pending amino groups of diamino-PEG
[118].
Akiyoshi  et  al.  [119] have prepared very interesting
amphiphilic systems through the conjugation of  choles-
terol to  pulullans of different MW.  The addition of  only
5 mol% of cholesterol to the polysaccharide chains was
enough to  give  self-assembled NP which offer excellent
opportunities to be applied as nanocarriers for speciﬁc
drugs with good stability and  very low toxicity for healthy
cells.
Amphiphilic starch derivatives have been prepared for
cancer therapy using different routes. Hydroxyethyl starch
(HES) was esteriﬁed with lauric, palmitic, and stearic
acids under mild reaction conditions using DCC/DMAP.
The amphiphilic derivatives gave rise  to the formation
micelles and polymeric vesicles [120]. Other researchers
synthetized amphiphilic PLA grafted HES for the  prepa-
ration of  DCT-loaded micelles by graft polymerization
of d,l-lactide with HES under partial protection of  the
hydroxyl groups with trimethyl chlorosilane (TMSCl) [121].
The preparation of  starch–drug conjugates with 5-FU-1-
acetic acid  (FUAC) through ester bonds has  been  recently
reported [122] via the coupling reaction with DCC/NHS.
Carboxymethylated curdlan  was substituted with
N-[4-[2-[(4-carboxyphenyl (amino) ethyl)] phenyl]
sulfonyl]-N9-cyclohexylurea as a hydrophobic moiety by
DCC/DMAP-mediated ester formation for  the encapsu-
lation of  ATRA. This derivative was further conjugated
to lactobionic acid using ethylenediamine linkers in the
presence of DCC [123].
Amphiphilic protein derivatives with self-assembling
properties to entrap anti-tumor drugs have been prepared
by reaction of the amino groups of the  protein. Li et  al. [124]
reported the reaction of  gelatine with different amounts
of hexanoyl anhydride in alkaline conditions. Conjugates
of gelatine and  oleic acid  were synthesized by a novel
aqueous solvent-based method that overcame the oppo-
site solubility between gelatin and oleic acid [125]. Gelatin
was conjugated with high contents of  cholesterol using
N,N′-disuccinimidyl carbonate. The gelatine–cholesterol
conjugates formed micelles that entrapped curcumin for
cancer research  [126].  Hydrophobically modiﬁed casein,
casein-g-poly(N-isopropylacrylamide) (PNIPAm), was pre-
pared as a novel dual stimuli responsive. The amphiphilic
casein was  synthesized by free radical graft copolymer-
ization of  NIPAm in  presence of the protein, using t-butyl
hydroperoxide (TBHP) as an  initiator [127].  A different
strategy was  reported for SF  that basically consisted of
silk based ionomers obtained via carbodiimide coupling of
ﬁbroin with poly(l-lysine) (PLL) hydrobromide and PGlu
sodium salts, respectively. The  assembly of  the ionomers
via electrostatic interactions led to particles where the
PAA chains formed the  core and the protein  backbone
the surface. DOX was encapsulated in  the core of the
ionomeric NP and it was released in a pH-dependent man-
ner [128].
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3. Role of synthetic biostable and biodegradable
systems
A wide range of  synthetic polymers have been exten-
sively studied for the preparation of self-nanoassemblies.
Focusing on the hydrophilic part of  amphiphilic polymers
that typically form the shell of  nanocarries, commonly
used synthetic polymers are: PEG, Pluronics®, HPMA and
PGlu. Furthermore, hydrophobic polyesters such  as PLA
and PCL have been successfully used to prepare self-
assembled nanocarriers. Other advanced polymers based
on PA and POX are new promising platforms to  cre-
ate self-assembling nanostructures [4,129–131]. Advanced
applications of  these synthetic polymers for  cancer thera-
pies and anti-inﬂammatory therapies are described below.
3.1. Self-assemblies based on PEG
Among all hydrophilic polymers, PEG hydrophilic block
is the most used for the preparation of self-assembling
polymers due to several reasons. Mainly, PEG is  a water
soluble polymer, nonionic, nonvolatile, biocompatible and
a poorly immunogenic polymer approved by the  Food and
Drug Administration (FDA) for its use in drugs products
and pharmaceutical applications. PEG with a MW  less than
30 kDa can be cleared from the body through renal ﬁltra-
tion.
Additionally, the PEGylation is an essential strategy
to improve the stealth properties of polymeric NP, and
therefore, to reduce the adhesion of  opsonins that are
present in  the blood serum. This methodology avoids the
NP recognition by  the  RES, being camouﬂaged or invisible
to phagocytic cells. Several theories have been proposed to
explain this behavior. However, the most widely accepted
is based on the extended conformation PEG chains on the
NP surface which can create repulsive forces that effec-
tively block the interactions of  opsonins. The MW,  the
surface chain density and the conformation of  PEG are
critical factors to improve the blood circulation half-life
of polymeric NP and therefore to favor their preferential
accumulation in tumor tissues.
Table 2 relates the main nanocarriers developed using
PEG for delivery of anticancer drugs in chemotherapy.
3.1.1. Drug-loaded self-assembled systems based on PEG
Self-assembled PM with hydrophilic shell of PEG can be
composed of  a  wide range of  hydrophobic polymers to form
the inner core of different self-assembling structures that
have been successfully used to encapsulate several drugs.
The most frequently investigated block copolymers to
design these drug-loaded self-assembled systems are PEG-
b-PAA, PEG-b-polyesters and PEG-b- PLGA, as  are described
below in detail.
3.1.1.1. PEG-b-PAA block copolymers. Self-assembling
block copolymers of  PEG-b-PAA are probably one of  the
most promising vehicles to  improve anti-tumor drug deliv-
ery. Self-assembled NP  are formed by a hydrophilic PEG
shell and a  PAA core that can encapsulate different anti-
tumor and anti-inﬂammatory drugs with signiﬁcantly
low toxicity compared with free  drugs.  PAAs  provide
interesting properties such as an excellent biocompatibil-
ity, biodegradability and  nontoxicity. Moreover, PAAs have
high versatility with a wide range of  functional groups
such as hydroxyl, carboxyl, amino and  thiol groups that
can be used for the modiﬁcation of  the chemical structure
of the nanoassembled systems in order to improve the
drug loading and  other physico-chemical properties.
Several self-assembling polymer systems based on PEG-
b-PAA have been widely studied for advanced cancer and
inﬂammation therapies. The most  typical PAA used for
these systems are poly(aspartic acid) (PAsp) and PGlu
[47,132–134].
Micelles based on PEG-b-PAsp block copolymers
have been extensively investigated to encapsulate other
hydrophobic drugs. Hamaguchi et al. incorporated PTX
by physical entrapment into the inner core of  micelles
based on PEG-b-PAsp copolymers modiﬁed with 4-phenyl-
1-butanol by esteriﬁcation reaction (designated as NK105).
After freeze drying, the drug loading was about 25%. These
micelles were stable and signiﬁcantly small in  size (approx-
imately 85 nm)  that allowed a uniform distribution and
great accumulation in  tumor tissues. Particularly, NK105
was evaluated in vitro on 12  human tumor cell lines, obtain-
ing a similar cytotoxicity to PTX. In  vivo results showed
substantial tumor suppression in a dose dependent manner
[135–137]. Currently, Phase III  clinical trials are ongoing
with promising results. In fact, NK105 showed a reduced
toxicity with few adverse  reactions in patients at  the early
stage (Phase I/II clinical trials) of  clinical development
[7,138–140].
Eckman et al.  [141] investigated the importance of
interactions between drugs and polymers by the prepara-
tion of  DOX-loaded micelles based on PEG-b-PAsp  block
copolymers in three different core environments. Basi-
cally, the carboxyl groups of  PEG-b-PAsp  were protected
by benzyl esters (hydrophobic interactions) and ionized
by sodium salt or remained as free  acids, in order to
encapsulate DOX through hydrophobic or ionic interac-
tions, respectively. The ionic interactions between DOX
and inner core of micelles favored the stability, the
prolonged release of  the drug in a pH-dependent man-
ner and  the effective cytotoxicity against prostate and
lung cancer cell lines. The increase of the hydropho-
bic character of  NP could be an  interesting route to
improve their anti-cancer activity. In this way, Lv et al.
[132] investigated the incorporation of polyphenylalanine
(PPhe) in order to increase the stability of these micelles
through hydrophobic and  aromatic interactions. Partic-
ularly, they synthesized methoxypoly(ethylene glycol)
mPEG-b-poly(glutamic acid-co-l-PPhe) triblock copoly-
mers that self-assembled into NP where DOX·HCl was
successfully loaded by simple mixing in the aqueous phase.
The appropriate combination of electrostatic interactions
between PGlu domains and the cationic drug and the  sta-
bilizing effect of PPhe domains allowed to optimize the
therapeutic efﬁcacy of  these micelles that exhibited higher
cell proliferation inhibition and toxicity compared with
free DOX·HCl  against human pulmonary carcinoma cells
(see Fig. 5).
Desale et al. [142] reported the synthesis of tri-
block copolymers formed by PEG, PGlu and  PPhe
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Table  2





Drug/Bonding type Cancer cell type Biological/Clinical
status
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PEG-b-PAA PASA PEG-b-PASA micelles
protected by benzyl
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(PEG-b-PGlu90-b-PPhe25)  with the aim to prepare hybrid
micelles for the loading of  drugs with different physico-
chemical properties. In particular, a hydrophilic derivative
of cisplatin (CDDP) and hydrophobic PTX. Speciﬁcally,
hybrid  micelles were designed with multi-compartment
morphology, characterized by PPhe hydrophobic core,
cross-linked PGlu  intermediate shell layer and  PEG exter-
nal shell. In  addition, micelles exhibited higher anti-cancer
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Fig.  5. Aromatic and electrostatic interactions involved in the formation of  DOX-loaded NP.
activity compared to  individual drug-loaded micelles.
These results suggested the promising potential of these
carriers for chemotherapeutic drug combination deliv-
ery with attractive advantages such as the synergistic
therapeutic effects of the drugs  and  spatial–temporal syn-
chronization of  drug exposure. Other route to enhance
the intracellular delivery of low MW  drugs is the use of
disulﬁde bearing carriers. In this way, Thambi et  al.  [143]
prepared amphiphilic PEG-b-poly(-benzyl l-glutamate)
(PEG-b-PBLG) block copolymers that were synthesized
by ring-opening polymerization of benzyl glutamate in
the presence of  a PEG macro-initiator bearing disulﬁde
bond (PEG-SS-NH2). These amphiphilic copolymers self-
assembled in aqueous medium, encapsulating effectively
camptothecin (CPT) with a drug loading of  about 12%. These
biodegradable micelles released the drug in the presence of
glutathione (GSH) that is an abundant cytoplasmic peptide
capable to  reduce disulﬁde bonds.
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3.1.1.2. PEG-b-polyester block copolymers. PEG-b-polyester
copolymers have received considerable attention for the
preparation of self-assembled nanostructures. Particularly,
nanoassemblies composed of PLA inner core have demon-
strated a great potential for the delivery of  different agents
[144].  In fact, Genexol®-PM is  a polymeric micelle-based
formulation of PTX encapsulated in mPEG-b-poly(d,l-
lactide) (mPEG-b-PDLLA) micelles that is  commercially
available for treatment of  non-small cell lung cancer
(NSCL), ovarian cancer, breast cancer and  gastric cancer.
This polymeric formulation was synthesized by a ring-
opening polymerization and PTX was loaded using a solid
dispersion technique with a drug loading of  about 17%.
In vitro and in vivo studies demonstrated that mPEG-
b-PDLLA micelles were biocompatible with remarkable
anti-tumor efﬁcacy against various human cancer cell
lines. Moreover, a  rapid  release of PTX from micelles was
observed, probably due to their decomposition in the pres-
ence of - and -globulins in  the blood [7,137].  Particularly,
Genexol®-PM showed superior efﬁcacy and less adverse
reactions compared with free PTX. Due to  the  encouraging
anti-tumor activity and the safety proﬁle, different Phases
of clinical trials have been  developed in patients with excel-
lent results, reaching the commercial market [145–147].
In a  study by  Garkhal et  al. [148], DOX-loaded poly-
mersomes were prepared by nanoprecipitation method
using amphiphilic PEG-b-PLA copolymers. These polymer-
somes showed a  favored proﬁle release at  acidic pH,
exhibited enhanced cellular uptake of DOX  and improved
cytotoxicity compared to  free DOX using  breast adenocar-
cinoma cancer cells. Currently, polymersomes represent
an excellent alternative platform to NP or micelles for the
encapsulation of different drugs in  the treatment of  cancer
and inﬂammation diseases [149,150].
Blanco et  al. encapsulated -lapachone (-lap) that
is a novel poor water soluble anti-cancer drug. Partic-
ularly, PEG-b-PLA micelles were prepared using a ﬁlm
sonication technique, obtaining particles with core–shell
architecture and optimal size (approximately 30 nm). In
two types of  subcutaneous lung carcinoma models, these
micelles showed prolonged blood circulation times, sig-
niﬁcant accumulation in tumor tissues via EPR effect and
interesting anti-cancer efﬁcacy [151,152]. On the  other
hand, Siddiqui et  al. [153]  demonstrated that the load of
an extract of green tea, epigallocatechin-3-gallate (EGCG),
into biodegradable micelles based on PLA-b-PEG block
copolymers allowed retaining its biological effectiveness
and enhancing its tumor growth suppressive properties.
Moreover, the use of over  10-fold dose advantage of  EGCG
was possible to exert its proapoptotic and angiogenesis
inhibitory effects in  both in vitro and in vivo models for the
treatment of prostate cancer [153,154].
Mu et  al. [155] prepared mixed micelles of  PEG-b-PLA
and Pluronic® copolymers in order to encapsulate DCT  and
improve signiﬁcantly its therapeutic effectiveness com-
pared to Taxotere®. The appropriate ratio of  PEG-b-PLA
and Pluronic® copolymers enabled to  obtain stable micelles
with more potent anti-tumor activity than the commercial
DCT formulation, probable due  to  the inhibitory activ-
ity of Pluronic® copolymer against P-glycoprotein (P-gp)
[152,155].
On  the other hand, different authors have explored
the preparation of Fol  targeting NP with pH-sensitivity
[152,156]. In this direction, Gao et al.  synthesized differ-
ent pH-sensitive mixed micelles formed by  two types of
copolymers: mixture of  FA-conjugated to PEG-b-PLA  and
PEG-b-poly(l-histidine) (poly(l-His))  copolymers as well
as PEG-b-poly(l-His-co-PPhe) (PEG-poly(l-His-co-PPhe))
copolymers (designed as ﬁrst and second generation of
micelles, respectively). In  both cases, these micelles were
successfully used to encapsulate DOX. The  incorporation
of poly(l-His) allowed to endowing of pH  sensitivity to the
particles. The combination of  Fol targeting and pH sensitiv-
ity considerably improved the anti-cancer activity of  DOX
[157,158].
Zhang et al. studied other class of  tumor targeting lig-
ands based on the use  of  different sequences of  peptides
that recognize integrins, overexpressed in a wide range of
solid tumors [152].  Speciﬁcally, they  prepared PTX-loaded
PEG-b-PLA micelles. Moreover, cyclic RGD peptide, cyclic
Arg–Gly–Asp-d-Tyr-Lys, c(RGDyK), was effectively conju-
gated in order to enhance the treatment of  integrin v3
overexpressed glioblastoma. Biological experiments con-
ﬁrmed the efﬁcacy and great  potential of the incorporation
of RGD-containing peptides into these micelles, improv-
ing the anti-glioblastoma cell cytotoxic efﬁcacy by 2.5-folds
and exhibiting a potent tumor growth inhibition [159].
PCL is another biodegradable polyester that has been
extensively investigated as hydrophobic block to  prepare
micelles based on PEG copolymers for advanced treatments
of cancer and inﬂammation diseases. The optimal combi-
nation of hydrophilicity, biodegradability and mechanical
properties of these assemblies has  enabled their use
as delivery systems for a wide  range of  poor soluble
drugs [160]. For the treatment of inﬂammation, Wang
et al. [161] synthesized tacrolimus-loaded micelles by
self-assembly of  PCL-b-PEG-b-PCL triblock copolymers.
Tacrolimus-loaded assemblies were prepared by a solid
disperse method with a  high drug  loading and encap-
sulation efﬁciency (maximum values of  22.5 and  95.5%,
respectively). In  vitro results of  these micelles showed a
sustained drug release and suitable cytotoxicity for their
use for immunosuppressive therapy.
Combination of two complementary drugs is an
attractive approach. Gong et  al.  developed curcumin-
loaded biodegradable self-assembled polymeric PEG-b-PCL
micelles with a size lower than 30 nm.  These micelles
were also  used to encapsulate luteolin. In  vitro and in vivo
studies for curcumin and luteolin loaded micelles con-
ﬁrmed their  potential for the treatment of breast and
colon cancers [162,163]. Additionally, PEG-b-PCL micelles
have been investigated as  vehicles for combined cytotoxic
agents delivery in  the treatment of  tumors with a high
rate of  chemoresistance. Lai et al.  [164]  loaded 3 types of
drugs in the  core of PEG-b-PCL micelles: PTX (cytotoxic
agent), cyclopamine (hedgehog inhibitor) and gossypol
(Bcl-2 inhibitor). They investigated exhaustively the most
optimal combination of  these drugs to achieve their solubi-
lization, obtaining a maximum load efﬁciency of  each drug
of about 2%. After intravenous injection of these multidrug
loaded micelles, a signiﬁcant tumor growth inhibition and
prolonged survival was  demonstrated against metastatic
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ovarian cancer. Furthermore, Peng et al.  [165]  studied
the growing interest of drug and photodynamic combi-
nation therapies in order to  improve cancer treatments.
Particularly, a derivative of  campthothecin (7-ethyl-10-
HCPT (SN-38)) was loaded into chlorine-core star-shaped
micelles that were prepared by conjugation of  chlorine
derivative to  mPEG-b-PCL  block copolymer.
Different authors have also  decorated the surface of
PEG-b-PCL micelles with  small molecules with the aim  to
enhance the delivery of poor soluble drugs via EPR effect
and achieve active targeting. Antibodies, herceptin, FA and
peptides are representative examples of molecules that
target speciﬁc receptors, overexpressed in inﬂammation
processes and involved in the most aggressive cancers. Hu
et al. [166] decorated the surfaced of  PEG-b-PCL micelles
with a  speciﬁc peptide sequence (CGKRK) to obtain angio-
genic blood vessels and tumor cells dual targeting effect.
Moreover, PTX was successfully loaded in order to evaluate
the enhancement of  its cytotoxicity using human umbilical
vein endothelial cells (HUVEC) and tumor  cancer (U87MG)
cells. In fact, peptide decoration improved the apoptosis
induction and anti-proliferative activity of  PTX.
Finally, PLGA is  one of  the most successfully biodegrad-
able and biocompatible polyesters used for  the develop-
ment of nanomedicines, because its hydrolysis leads to
lactic acid (LA) and glycolic acid  that are endogenous and
easily metabolized by the body. In  fact, PLGA is approved by
the FDA and European Medicine Agency (EMA) for its use as
a drug delivery system in humans. PLGA NP have been used
as carriers for chemotherapeutic and anti-inﬂammatory
drugs, photosensitizers and imaging agents for the diag-
nosis and treatment of  cancer and  inﬂammation diseases.
The PEG  conjugation to PLGA  enables the preparation of
self-assembling micelles with a hydrophilic shell based on
PEG and a hydrophobic core  of  PLGA [23,167–169]. Song
et al. [170] loaded curcumin into  the inner core  of  NP based
on PLGA-b-PEG-b-PLGA copolymers. A dialysis method was
used to form self-assembled micelles with an average size
of 26 nm and entrapment efﬁciency of 70%. In  vivo stud-
ies demonstrated an improved biodistribution of  curcumin.
The conjugation of different target moieties is  an  effec-
tive method for improving the targeted ability of these
NP by the ligand-receptor recognition. Different peptides,
antibodies and small molecules as FA have been success-
fully linked to  PLGA-b-PEG NP [171–174].  Saxena et al.
[175] conjugated FA to PLGA-b-PEG NP and their inner
core was used to  load  of  17-allylamino-17-demethoxy
geldanamycin (17-AAG), that is a hydrophobic inhibitor
of heat shock protein 90 (HSP90). Fol-targeted NP  were
selectively uptaken by breast cancer cells. Moreover, the
anti-cancer activity of these micelles was 2-fold higher
than that of  non-targeted NP. Additionally, Wang et al.
[176] modiﬁed PLGA-b-PEG NP with the  aim  to  incorporate
Ala-Pro-Arg-Pro-Gly (APRPG) peptide.
3.1.1.3. Other drug-loaded self-assembled systems based on
PEG. One of the most important drawbacks of the use  of
PEG nanocarriers for cancer treatment is their poor stabil-
ity. This disadvantage has an  appreciable impact for  the
appropriate control of circulation times of  assemblies in
blood and the drug delivery efﬁciency. Different strategies
have been proposed in order to improve the  stability of
polymeric systems that include PEG in their structure.
Lai et  al.  reported the use of new lipophilic moieties
based on cinnamic acid and 7-carboxyl methoxycoumarin
that are conjugated using the  terminal groups of mPEG.
These small molecules have –  conjugated structures
that enhance the load of  poor water soluble drugs into
the nanoassemblies as well as their stability. Particularly,
micelles were used to encapsulate different anti-cancer
drugs, such as DOX or an  active  derivative of CPT (9-
nitro-20(S)-CPT). In  all  cases, the results showed that both
hydrophobic and – conjugated interactions contributed
to the self-assembly. Furthermore, these assemblies had
promising anti-cancer activities and  could represent a
promising strategy to produce stable nanocarriers for can-
cer diseases [177–179].
Other attractive alternative to improve the stability
of nanoassemblies is the use of  cross-linked micelles.
The characteristic morphology and structural properties
of these nanoassemblies allow achieving an exceptional
stability, a prolonged circulation time in  blood and  an
appropriate regulation of the drug release. Cross-linked
micelles have been investigated to load anti-cancer drugs,
like DOX and cisplatin [180–182]. Particularly, Oberoi et  al.
[183] prepared core cross-linked micelles composed of
PEG-b-poly(methacrylic acid)  (PEG-b-PMAA) where cis-
platin was successfully loaded. The average size of these
micelles was 110 nm  with a loading capacity of  about
30%. In  vitro and in vivo studies demonstrated the efﬁcacy
of these assemblies for the treatment of ovarian cancer
with an improved safety proﬁle, tumor accumulation and
anti-cancer activity relative to the use of free  cisplatin.
On the other hand, Talelli et  al. [184] synthesized core
cross-linked micelles based on block copolymers of  PEG-b-
poly[N-(2-hydroxypropyl) methacrylamide-lactate]. After
the formation of  micelles by rapid heating, DOX was encap-
sulated and then copolymerized through the methacryltate
groups. For  this purpose, DOX was previously function-
alized with a methacrylamide group using hydrazone
bond in order to obtain core-crosslinked micelles with
pH-sensitivity. In these speciﬁc conditions, the cellular
uptake by  endocytosis and  intracellular release of  DOX
were signiﬁcantly favored due to  the slightly acidic pH of
the intratumoral environment. Moreover, these assemblies
had excellent anti-tumoral behavior against  human ovar-
ian carcinoma cells.
Effective strategies to  improve the solubility of poor
water soluble drugs have been proposed combined
with advanced clinical trials and ﬁnal commercializa-
tion. In this sense, PEG-b-lipid micelles formed by
hydrophilic PEG blocks and hydrophobic distearoyl
phosphatidylethanolamine (DSPE) segments have been
extensively investigated. These vehicles have interesting
properties for delivery of hydrophobic drugs with appro-
priate control of their release and  high stability due to
the presence of  long fatty acyl chains [185]. Tong et  al.
[186] prepared docetaxel-loaded micelles based on mPEG-
b-DSPE. DCT-loaded micelles showed anti-tumor efﬁcacy
and retarded tumor growth in mice bearing breast cancer.
Finally, the introduction of  an “intelligent” stimulus
to improve the drug release from  micelles has been
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extensively applied in last years. Zhu et  al.  [187] evaluated
the anti-tumor activity of acid-sensitive micelles that were
obtained by directly conjugating PEG to a hydrophobic
derivative of stearic acid through hydrazone bond.  These
assemblies served as  vehicles of  an analogue of  gemcitabine
(4-(N)-stearoyl gemcitabine). In  vivo assays demonstrated
a higher anti-cancer activity of pH-sensitive micelles than
that of non-sensitive assemblies using murine B16–F10
tumors.
3.1.2. Drug-conjugated self-assembled systems based on
PEG
All above reported nanoassemblies incorporated dif-
ferent drugs into their hydrophobic segments through
physical entrapment. However, a wide range of active
molecules has been covalently attached to amphiphilic
copolymers that include PEG in their structure. The prepa-
ration of  polymer–drug conjugates was proposed by
Ringsdorf in the mid-1970s. Since then, the covalently
attaching of chemotherapeutic and active agents to poly-
mer chains has greatly developed due to improvement of
their physico-chemical, biopharmaceutical and  pharma-
cokinetic properties [188–191].  These systems now are
called ‘polymeric drugs’ and  its application ‘polymer ther-
apeutics’.
Liu et  al. used PEG  with the aim  to conjugate DCT
through an ester linkage and to form amphiphilic micelles
in aqueous medium. The efﬁciency of these micelles was
improved by encapsulation of  free DCT into  their inner
core. The in vitro anti-cancer activity of  this formulation
was demonstrated using  three different human cancer cell
lines [192].
Conjugates based on PEG-b-PAA  copolymers, including
PAsp and PGlu as hydrophobic blocks, have reached various
stages of  clinical trials for the treatment of  cancer diseases
[137,139,189,191,193].  NC-6004 is a hydrophilic derivative
of cisplatin (CDDP) formulation based on polymer–metal
complex forming chain. Particularly, the coordinate com-
plex of PGlu and CDDP forms the inner core of  micelles
with outer shell of PEG. These micelles were exhaustively
characterized by Uchino et al.  [137,194]. This formulation
was evaluated on 12  human tumor cell  lines, preserving the
anti-tumor activity of CDDP and reducing its nephrotoxi-
city. For those reasons, Phase I/II  clinical trials with NC6004
have been recently developed with advanced pancreatic
cancer [139,195].
Additionally, Cabral et al. prepared analogous
micelles (designed as NC-4016), containing dichloro(1,2-
diaminocyclohexane)platinum(II) (DACHPt) that is  an
oxalilplatin parent complex [196,197]. The  safety and anti-
tumor activity of  NC-4016 was evaluated by Nanocarrier ®
in Japan. In fact, Phase I clinical trials started in 2009 [137].
Koizumi et  al. developed PEG-b-PGlu PM  (named as
NK012) to  encapsulate an active metabolite derivative of
CPT (SN38). In particular, this drug was conjugated to PGlu
segment of block copolymer [198,199]. Micelles exhibited
a controlled size of 20 nm and  approximately 20% of drug
loading. Furthermore, these PM showed excellent in vitro
and in vivo anti-tumor activities, especially in highly vas-
cular endothelial growth factor (VEGF) secreting tumors
[139,200]. Different clinical trials are currently undergoing
with the aim to evaluate the real efﬁciency of  this formu-
lation in  patients [201,202]. Up to  date,  the anti-tumor
activity of  this conjugate has  been evaluated in  several
orthotopic tumor models including glioma, renal cancer,
stomach cancer, and  pancreatic cancer with promising
results. They demonstrated enhanced distribution and pro-
longed SN-38 release as well as partial responses and
several occurrences of  prolonged stable diseases in  patients
[203].
PEG-b-PAsp copolymers have also served to  attach poor
soluble water drugs. The  micelle carrier NK911 was  formed
by the block copolymer of  PEG (MW  of  about 5000) and
PAsp (about 30 unit) was chemical conjugated with DOX.
Moreover, free  DOX was encapsulated in the inner core of
these micelles. This combination allowed the formation of
self-assembling micelles with particle size  of about 40 nm
that could be accumulated in tumor tissues [137,204,205]
and  possessed higher anti-cancer activity than the  free
DOX. Phase I/II clinical trials were performed at National
Cancer Center Hospital in Japan  with promising results.
Among the 23 patients, a partial response was obtained
in one patient with metastatic pancreatic cancer and 8  had
stable disease [7,206].
Recently, Ponta and Bae [192]  have applied PEG-b-
PAsp block copolymers to conjugate DOX through different
hydrazide bonds as spacers. NP were prepared by a dialysis
method with hydrodynamic sizes lower than 50 nm. In  vitro
studies demonstrated that the drug release from micelles
was pH-dependent and it was  tuned as a function of  the
chain length of the blocks  and  the type of  spacer used.
Other researchers have also prepared conjugates
based on PEG and  polyesters, such as PEG-b-PLA block
copolymers. Xiao and  Song [207] prepared micelles by co-
assembling the 2  different conjugates containing cisplatin
and PTX.  Both hydrophobic drugs were conjugated to PEG-
b-PLA copolymers that self-assembled into  micelles with
an inner core composed of  PLA block and  PEG hydrophilic
shell (see Fig. 6). These nanoassemblies showed an effec-
tive anti-tumor activity and  inhibiting the  tumor growth
using a  U14 xenograft model of cervical cancer with supe-
rior efﬁcacy compared to  free drugs solutions.
3.2. Self-assemblies based on Pluronics®
Pluronic® block copolymers have been exhaustively
investigated as an  excellent alternative for the prepara-
tion of self-assembling systems and the solubilization of
hydrophobic drugs. These amphiphilic polymers are com-
posed of  hydrophilic PEO and hydrophobic poly(propylene
oxide) (PPO) segments, organized in triblock structures
(PEOx-b-PPOy-b-PEOx) with a wide range of  molecular
weights and  PEO/PPO ratios. Pluronic® copolymers have
important advantages for  their use in nanoassemblies for
cancer treatments because they can be  modiﬁed by reac-
tions through the  terminal hydroxyl groups in order to
achieve the  optimal targeting in tumor site [208].
Different binary mixing Pluronic® micelles have been
developed to form stable self-assembling carriers for
anti-cancer drugs. Particularly, Fang et al.  [209] pre-
pared Pluronic® P105 and F127 block copolymers that
self-assembled into micelles in  order to encapsulate
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Fig. 6. Chemical structures of cisplatin and paclitaxel conjugated to PEG-b-PLA copolymers and representative mechanism of their co-assembly in  aqueous
enviroment.
methotrexate (MTX) as anti-tumor compound. MTX-
loaded mixed micelles exhibited in vitro and in  vivo
anti-tumor activities and optimal pharmacokinetic param-
eters. Wang et al. [210] prepared a PTX-loaded Pluronic®
P105 micellar system by a thin-ﬁlm method, obtaining
micelles with small particle size, spherical shape and
excellent stability. In  vitro and in vivo activities, pharma-
cokinetics and biodistribution parameters were evaluated
with promising results that suggested that P105 PM could
be a useful drug carrier for intravenous administration of
PTX.
Other mixed Pluronics® micelles have been  studied to
encapsulate DOX. In fact, Pluronics® can interact with MDR
cancer cells obtaining a signiﬁcant sensitization of resis-
tant tumors with respect to DOX. For instance, DOX-loaded
micelles composed of Pluronic® L61 and F127  (formulation
designed as SP1049C) have already achieved Phase III  of
clinical trials. In this formulation, the most effective regu-
lator of DOX activity against a wide range of  tumor cell lines
was Pluronic® L61. Promising results indicated that out of
19 patients evaluated, 9 patients had  a partial response
without a  complete response and  8 patients had  a stable
disease. Moreover, the  median overall survival was longer
than for formulation based on free DOX [211–213].
Currently, active targeted delivery therapy using
Pluronic® block copolymer micelles is being investigated.
Song et  al. [214] developed PTX-loaded Pluronic® P123
micelles that were used to chemically conjugate anti-
HIF-1a antibody with the aim to selectively target cancer
cells with overexpression of  HIF-1a. In the same way, FA-
functionalized Pluronic® P123/F127 mixed micelles were
evaluated in vitro and in vivo by Zhang et  al. [208]. The
biological assays demonstrated the selective and active  tar-
geting of these self-assembled micelles.
3.3. Self-assemblies based on 2-hydroxypropyl
methacrylamide (HPMA)
HPMA is a hydrophilic, non-immunogenic and biocom-
patible polymer that is very attractive to form the shell
of polymeric nanoassemblies. Moreover, HPMA has an
interesting multifunctionality based on the presence of
secondary groups in  its  structure that facilitates the conju-
gation with different poor  water soluble drugs and targeted
moieties. In fact, the conjugation of  hydrophobic drugs
to hydrophilic HPMA polymer facilitates the formation of
nanoassemblies that could be attractive drug delivery sys-
tems for  the  treatment of  inﬂammation and  cancer diseases
[215–218]. Chytil et al. [219] conjugated DOX to a HPMA
copolymer using different contents of various hydrophobic
substituents, particularly, dodecyl, oleoyl and cholesterol
moieties. These conjugates self-assembled in aqueous solu-
tions forming supramolecular structures with an optimal
stability and  a range of  hydrodynamic sizes between 13 and
37 nm as a  function of  the type and content of  hydropho-
bic substituents. Moreover, these assemblies released DOX
at acidic pH  (approximately 70% DOX released after 24 h at
pH 5.0), that is, the conditions in endosomes and lysosomes
of tumor cells. In vivo experiments showed that theses
micelles exhibited signiﬁcant anti-tumor activity against
EL-4 T lymphoma cells and enhanced tumor accumulation
due to the EPR effect.
In a  study by Miller et al., a conjugate of  HPMA
copolymer with anti-angiogenic and cytotoxic drugs,
aminobisphosphonate alendronate (ALN) and PTX, was
successfully prepared. Particularly, PTX was conjugated
through speciﬁc peptide linker that can be cleaved by
lysosomal enzymes in order to  release both drugs. This
conjugate self-assembled in aqueous environment into
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particles with sizes of  approximately 100 nm.  These
nanoassemblies demonstrated signiﬁcant anti-angiogenic
activity, inhibiting the proliferation of  prostate carci-
noma cells. These nanoconjugates have potential for
the treatment of  prostate cancer bone metastases and
osteosarcomas [220–222].
Jia et al. [223] synthesized new amphiphilic block
copolymers of HPMA with 2-(2-pyridyldisulﬁde)
ethylmethacrylate (PDSM) via RAFT polymerization.
The high versatility of PDS groups was used to covalently
conjugate maleimide-modiﬁed DOX via acid-sensitive
bonds with the aim to obtain assemblies with pH-
sensitivity (see Fig. 7). In  aqueous environment, this
block copolymer self-assembled through acid-cleavable
hydrazone and cross-linked via reducible disulﬁde bonds.
In vitro studies showed that cross-linked micelles released
preferentially DOX at pH  5.0.
On the other hand, different authors have been inves-
tigated the use of nanoassemblies based on polymer
conjugates in  order to improve the selectivity and tumor-
imaging capacity of small molecular photosensitizers
that are usually used for photodynamic therapy (PDT)
[224,225]. In this way, Nakamura et al. [226] conjugated
zinc protoporphyrin (ZnPP) to HPMA polymer for its appli-
cation for diagnosis and  cancer treatment by imaging
and light exposure, respectively. NP based on this conju-
gate exhibited a hydrodynamic diameter of  82 nm with
excellent stability in aqueous medium. These  assemblies
accumulated preferentially in  tumors  and  inhibited tumor
growth after light-irradiation. ZnnPP-conjugated NP repre-
sent a promising method for cancer detection due  to their
easily visualization by ﬂuorescence after intravenous injec-
tion.
3.4. Self-assemblies based on  polyesters
PLA has been used as an excellent matrix to form self-
assembling NP to encapsulate different chemotherapeutic
drugs. This polymer can be also combined with peptides to
create polymer–peptide hybrids with the aim  to  enhance
cell uptake without changing their functionality. Jabbari
et al. [227] prepared self-assembled polymer–peptide NP
formed by  a  VVVVVVKK peptide (V6K2) conjugated to PLA
matrix. These NP with spherical shape and average size of
100 nm were used to encapsulate DOX  or PTX and their cell
uptake and cytotoxicity was tested against murine breast
carcinoma and marrow stromal cells. In  vitro and in vivo
studies demonstrated that PLA-V6K2 NP exhibited a high
tumor cell uptake due to interactions between the lysine
groups of peptide and negatively charged moieties at the
cell surface.
Also, peptides can be incorporated at the surface of NP.
Xu et al. [228] prepared PLA NP to load oridonin that is
an anti-cancer drug successfully used for the treatment
of liver cancer and esophageal carcinoma. The surface  of
these NP was modiﬁed by incorporating the peptide RGD
via cross-linking. The results  of  in vivo studies showed the
anti-cancer efﬁciency of  these NP, a decrease in the tumor
growth, improving the survival time of mice bearing H22
tumors.
PCL is other polyester extensively studied to prepare
nanocarriers for medical applications. Ortiz et  al. [229]
studied the therapeutic efﬁcacy of  the combination of
chemotherapeutic agents with gene therapy using 5-FU
loaded PCL NP, prepared by an  interfacial polymer dis-
position method. These NP exhibited 40 times superior
anti-cancer activity than the free drug. Moreover, the util-
ity of  gene therapy based of  the  cytotoxic suicide gene E
was demonstrated against colon cancer cells and it was
attributed to the  synergistic effect  with the 5-FU loaded
NP.
Huang et al. [230] synthesized complex amphiphilic NP
composed of  PCL-b-poly-(propargyl methacrylate-click-
mercaptosuccinic acid-co-PEG  methyl ether methacrylate)
(PCL-b-p(PMA-click-MSA-co-PEGMA)). In this case, super-
paramagnetic iron oxide NP (SPIONs) were loaded into
the inner PCL core. Moreover, cisplatin was  coordinated
with pendant dicarboxylic groups in  the hydrophilic shell.
These multifunctional NP revealed great anti-cancer activ-
ity against UMUC3 bladder cancer cells. Moreover, the
anti-cancer efﬁcacy of these NP by cisplatin delivery can
be combined with SPIONs-induced hyperthermia.
On the other hand, PLA-b-tocopheryl polyethylene gly-
col 1000 succinate (TPGS) NP could be successfully applied
for the multimodality treatment of  cancer [231]. For
instance, Mi  et  al. [232] loaded DCT and  SPIONs in the inner
core of  NP formed by PLA-b-TPGS  copolymers. Moreover,
carboxyl group-terminated TPGS was added to conjugate
Herceptin® (see  Fig. 8). The  combination of  these differ-
ent active molecules could allow the treatment of  cancer
diseases with chemotherapy, hyperthermia and  an appro-
priate active  targeting to HER2-overexpressing cancer cells.
In fact, the results demonstrated that the  treatment with
these NP using an in  vitro model of  the HER2-positive breast
cancer was  2130-fold more efﬁcient  than the correspond-
ing single modality treatments.
3.5. Self-assembled systems of peptide–amphiphiles
Currently, peptides represent an emerging platform
to create self-assembling nanostructures for  the can-
cer treatment and inﬂammation diseases [233]. These
small molecules have attracted much attention due to
their inherent biocompatibility, biodegradability, weak
immunogenicity and  high versatility based on the com-
bination of a wide range of  chemical compositions and
bioconjugation strategies and  their ability to adopt differ-
ent supramolecular structures [234–236].
Typically, PA are formed by  a hyprophobic peptide
block, in most cases a long alkyl chain, attached to a
short peptide sequence, capable of  forming intermolecular
hydrogen bonding, usually  -sheet  formation. PA  include
charged amino acids (AA)  following the hydrophobic pep-
tide sequence to enhance their solubility in water and to
design intelligent materials with, for  example, pH sensitiv-
ity. Finally, different peptide epitopes as bioactive signals
can be incorporated with several purposes, for instance, the
improvement of  cell adhesion [235].
The appropriate combination of  different regions of PA
allows the self-assembly into a variety of  different struc-
tures, such as micelles, vesicles, or nanoﬁbers, through
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Fig. 7. Preparation of advanced HPMA nanoparticles by  simultaneous conjugation of DOX and core-crosslinking via  reducible disulﬁde bonds.
hydrophobic collapse of the aliphatic tails and the  forma-
tion of  intermolecular hydrogen bonding. This spontaneous
organization allows to  minimizing unfavorable interac-
tions with hydrophobic tails in the core and  bioactive
residue on the surface of  the nanoassemblies. The  struc-
tural characteristics and physico-chemical properties of
these assemblies can be modiﬁed by changing the seg-
ments of amphiphilic molecules. The hydrophobicity can
be tuned with the use  of  different alkyl chain lengths and
the solubility or  responsive behavior of these materials can
be controlled with the appropriate number of  charged AA
[235,237].
Over the last decade, Stupp and co-workers have
exhaustively investigated self-assembling peptide-based
materials for different applications, including cancer
therapy and inﬂammation treatment [238]. For these appli-
cations, peptides provide a wide range of  biological speciﬁc
interactions, environmental responsive phase behaviors
that can be properly controlled, different alternatives to
direct self-assembly and a unique source of functional units
into a  single polymer that can target different tissues [239].
Stupp et al. [240] integrated a cationic -helical
(KLAKLAK)2 peptide into  a  PA that self-assembled into
cylindrical and bioactive nanoﬁbers by  stabilization of
its bioactive -helical conformation. The  biological activ-
ity of  this PA was  evaluated using human breast cancer
cells. The results of  these studies demonstrated that
(KLAKLAK)2—nanostructures selectively reduced the via-
bility of  cancer cells  by induction of  apoptosis. Additionally,
PA incorporating speciﬁc cancer biomarkers in their struc-
ture have also been investigated. One interesting example
is the incorporation of a  consensus substrate sequence
speciﬁc to protein kinase A  (PKA) to form  ﬁlamentous
nanostructures with enzyme-responsive behavior. In fact,
these nanostructures disassembled as a result of  enzymatic
phosphorylation, upon treatment with PKA. However,
the treatment with an enzyme to cleave the phosphate
group allowed to reconstructing the ﬁlamentous nano-
structures. Furthermore, these nanostructures were used
to encapsulate DOX, exhibiting signiﬁcant cytotoxicity
against a cancer cell line that secretes high levels of  PKA.
This strategy could be considered for the preparation of
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Fig. 8.  Preparation of  herceptin-conjugated NP loaded with DCT and SPIONs by nanoprecipiattion and surface modiﬁcation.
biodegradable dynamic assemblies with a wide range of
biological stimuli-sensing capabilities [241].
Different authors have investigated the use of  PA to
encapsulate a wide range of  poor water-soluble drugs.
Stupp et  al. [242] encapsulated CPT  into self-assembling
PA nanoﬁbers. This strategy allowed to  improve signiﬁ-
cantly the solubility of  this drug. Moreover, the anti-cancer
activity of these nanoﬁbers was superior to that of the
free drug using human breast cancer cells. Chilkoti et  al.
[243] developed biodegradable chimeric polypeptides that
were attached to a short cysteine-rich segment and  self-
assembled into sub-100-nm-sized NP. The modiﬁcation
of polypeptides with cysteine residues allowed their con-
jugation to DOX. In vivo experiments showed that these
assemblies inhibited completely the tumor growth using
a murine cancer model. This advanced strategy offers the
possibility to design diverse multifunctional nanoassem-
blies due to their capability to incorporate drugs, targeting
molecules and imaging agents. On the other hand, Wirad-
harma et  al. [244] prepared an  oligopeptide amphiphile
as a delivery system of  DOX. Cationic core–shell nano-
structures of  approximately 100  nm were obtained with
load efﬁciency up to 22%. The biological behavior of these
nanostructures was tested using HepG2 cells. The  results
showed the signiﬁcant anti-proliferative activity of DOX
loaded assemblies.
The control of  drug release in PA  can be achieved cova-
lently attaching a  drug to a hydrolytically labile bond.
Particularly, the incorporation of  hydrazone bonds repre-
sents an excellent alternative to control the drug release
as a function of the pH  of  the surrounding media  [245].
Recently, Stupp et al. [246] developed a PA covalently
conjugated to dexamethasone (DMT) through a labile
hydrazone bond. This conjugate self-assembled sponta-
neously in water into long supramolecular nanoﬁbers.
In  vitro and  in vivo experiments demonstrated the  anti-
inﬂammatory response of  these assemblies with an  optimal
control of drug release and without systemic immune sup-
pression.
3.6. Self-assemblies based on poly(2-oxazolines) (POX)
Recently, the use of POX for biomedical applications
has reached growing interest due to their biocompatibility
as well  as their stealth behavior. The  living cationic ring-
opening polymerization of 2-oxazoline monomer (OX) that
was discovered in the middle of  the 1960s allows the
preparation of a wide variety of  well-deﬁned polymers.
Additionally, the properties of  POX  can be easily modi-
ﬁed by varying the  side chain of  OX. This strategy enables
the easy  access to hydrophilic and  hydrophobic poly-
mers for the  synthesis of  a wide range of self-assembled
amphiphilic copolymer structures. For  all  these reasons,
drug loaded micellar carriers formed from POX block
copolymers have been developed for the treatment of  can-
cer diseases [247–249].
The most commonly POX investigated to prepare
nanoassemblies is poly(2-ethyl-2-oxazoline) (PEtOx). This
polymer exhibits a lower critical solution tempera-
ture (LCST) in water that facilitates the development
of thermoresponsive micelles. Cheon et al. [250] pre-
pared micelles composed of PEtOx-b-PCL amphiphilic
block copolymers for the loading of PTX. PTX-loaded
micelles exhibited an  in  vitro anti-proliferation activity
against human nasopharyngeal epidermoid cancer cells
(KB) comparable to that observed with the current clinical
formulations. However, this micellar formulation reduced
side effects such  as hypersensitivity and neurotoxicity
[250].
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Wang et  al. [251] encapsulated DOX  in the inner core of
micelles formed by  PEtOx-b-PLA block copolymers. These
micelles exhibited pH-sensitivity in  aqueous solution. This
behavior allowed the targeted release of DOX  in endosomes
and lysosomes of cancer cells. In addition, DOX-loaded NP
showed signiﬁcant cytotoxicity against  non-small-cell lung
carcinoma CL3 cells and preferentially accumulated in the
acidic compartments of  the cells.
Recently, Luxenhofer et  al. [252] synthesized well-
deﬁned amphiphilic block copolymers composed of PEtOx,
poly(2-methyl-2-oxazoline) (MeOx) and  poly(2-butyl-2-
oxazoline) (BuOx) with different compositions (MeOxa-b-
BuOxb-b-MeOxa and EtOxa-b-BuOxb). These copolymers
self-assembled in  aqueous environment because BuOx
exhibited limited water  solubility. For  this reason, BuOx
formed the inner core of self-assembled micelles that were
an excellent platform for the solubilization of  diferent
hydrophobic drugs such as PTX, cyclosporine A, etopiside
and amphotericin B. In fact, loading capacities up to 45%
were obtained using these novel formulations. In vitro stud-
ies demonstrated that PTX-loaded micelles exhibited more
efﬁcient anti-cancer activity in  comparison with the com-
mercial formulation of  this chemotherapeutic drug.
On the other hand, micelles based on POX  have also been
used to incorporate other different agents such  as photo-
sensitizers and to be conjugated with small molecules in
order to achieve an  optimal targeted drug release mech-
anism and an improvement of  cellular uptake [253,254].
Syu et al. [255] conjugated FA to micelles based on
PEtOx-b-PLA block copolymers for the loading of meta
tetra(hydroxyphenyl)chlorin (THPC) (see Fig. 9). TPHC-
loaded NP were selectively internalized into cancer cells
with more potent anti-cancer activity in KB s.c. xenograft-
bearing mice compared to free THPC and non-targeted
micelles.
4. Application of natural functionalized polymers
4.1. Hyaluronic acid derivatives
Among all naturally occurring polysaccharides, HA is of
particular interest in the development of advanced can-
cer therapies. HA is an anionic, linear glycosaminoglycan
made of  alternating disaccharide units of  D-glucuronic acid
and N-acetyl-D-glucosamine with (1,4) and (1,3) glyco-
sidic linkages [256].  As a biocompatible, non-immunogenic
and biodegradable polysaccharide with a number of  bio-
logical roles and attractive physicochemical characteristics
[257] it has been extensively investigated for a wide range
of biomedical applications [80], including drug  delivery
for cancer therapies. In fact, increased levels of HA in  tis-
sues and body ﬂuids have been observed in many cancers
[258], suggesting its use as  prognostic marker of  various
types of tumors [259,260].  This accumulation has  been
related to  the overexpression of  HA-binding receptors such
as the cluster determinant 44  (CD44), which is impli-
cated in the regulation of tumor growth and metastasis
[261], the receptor for HA-mediated motility (RAHMM) or
the lymphatic vessel endothelial receptor-1 (LYVE-1) in
cancer cells [82]. Indeed, Choi et al.  [262] demonstrated
that NP obtained by  self-assembling of  HA–5-cholanic
acid conjugates were efﬁciently uptake by SCC7 cancer
cells overexpressing CD44 while  no signiﬁcant uptake was
observed by normal ﬁbroblasts. Hence, the preparation
of HA-based drug delivery systems can simultaneously
exploit active targeting of HA-binding receptors on can-
cer cells  along with the passive targeting of  tumors based
on the EPR effect, without the need of  further modiﬁca-
tion with targeting ligands [188].  Furthermore, HA can
be readily degraded by hyaluronidases (Hases), which are
present in  abundance in the cytosol of  tumor cells, facil-
itating a rapid release of loaded anti-cancer drugs [263].
Besides, HA also acts as a  signaling molecule in inﬂamma-
tion processes [264–266] which are greatly related with
cancer progression [267,268].  Table 3  shows a list of  the
main amphiphilic nanocarriers based on hyaluronic acid
for cancer treatment developed in recent years.
4.1.1. Drug-loaded self-assembled systems based on HA
Park et  al. [269]  reported the self-assembling of  DOX-
loaded nanogels based on HA with cancer cell selectivity
by simple acetylation of  HA with acetic  anhydride. They
conﬁrmed that an increase in the DS  of  acetyl groups pro-
duced a reduction of  the critical aggregation concentration
values and  the size of the nanogels due to the increase in
hydrophobicity, which in  turn increased the drug-loading
efﬁciency and capacity, and prolonged the  half-maximal
DOX release time [82]. Similar tendencies were observed
for other systems described below [84,90].
Several other hydrophobic moieties have been used
to modify HA in order to give rise to drug-loaded,
self-assembled nanostructures for cancer therapies. Sar-
avanakumar et al. [90] conjugated an amine-terminated
2-(4-(vinylbenzyloxy)-N,N-diethylnicotinamide) (VBO-
DENA) oligomer to  HA for the encapsulation of  PTX
upon self-assembling into NP, achieving drug  loadings
up to 20.7% for an  optimal DS  of 3.17. The proposed
system exhibited selective cytotoxicity to  cancer cells
overexpressing CD44. Interestingly, the PTX release rate
was lower for NP containing the larger drug loadings, as
observed also in other core–shell structured systems [270].
Kong et al. [84,270] esteriﬁed HA with monostearin to
develop self-assembled HA-based noisomes as transder-
mal drug delivery systems for cancer therapy and loaded
them with -tocopherol. The noisomes underwent trans-
dermal permeation both in  vitro (in a stratum corneum
model) and in vivo (in male Kunming mouse), and exhib-
ited higher endocytosis by mouse breast tumor cell (4T1)
than the control (Ch NP). Ray et al. [271] developed self-
assembled 6-O-(3-hexadecyloxy-2-hydroxypropyl)–HA
(HDHA) NP and loaded them with DOX (4%) for  intra-
venous infusion with simultaneous oral administration of
EGCG, a  green tea  polyphenol. This system signiﬁcantly
enhanced the toxicity against Ehrlich’s ascites carcinoma
(EAC) cells as compared to free DOX. One of the drawbacks
of some self-assembled polymeric systems is their usual
sustained drug release over  long time periods, which may
decrease the efﬁcacy of anti-cancer drugs. Recently, Li
et al.  [89] designed HA-based redox-sensitive micelles for
targeted, rapid intracellular release of encapsulated PTX.
The nano-sized micelles self-assembled from amphiphiles
prepared by  conjugation of DOCA to a cystamine-modiﬁed
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Fig. 9. Preparation of PEtOx-b-PLA  block copolymers and schematic illustration of TPHC-loaded NP for PDT.
HA, efﬁciently encapsulating PTX (up to 34.1% wt load).
Under reducing conditions, which  mimic  the reducing
environment of tumor cells, the micelles disassembled
due to the cleavage of  the disulﬁde linkage triggering a
fast drug release. As a  consequence, the redox-sensitive
micelles exhibited an enhanced cytotoxicity for human
breast adenocarcinoma cells (MDA-MB-231) as compared
with an insensitive control prepared by using adipic
dihydrazide instead of cystamine as a  linker for the conju-
gation of  HA–DOCA. Wu  et al.  [86] also exploited  stimuli
responsiveness of HA derivatives for the  targeted delivery
of anti-cancer drugs to  tumor cells. In  their work they  used
His as a  hydrophobic residue to induce the self-assembling
of His-modiﬁed HA and encapsulate DOX. Under weakly
acidic pH, such as the slightly acidic extracellular pH of
solid tumors, the His residues in the His-HA NP became
hydrophilic as a consequence of the protonation of their
imidazole group, resulting in a  higher DOX release at  acidic
pH than at neutral pH. The prepared DOX-loaded His-HA
NP showed similar dose  and  time-dependent cytotoxicity
against MCF-7 cells than free DOX and could exploit
both pH-sensitivity and  selective receptor-mediated
endocytosis to  target solid tumors.
Regardless of  the selective intracellular uptake of  HA-
based systems by receptor-mediated endocytosis in tumor
cells, successful efforts have been made in order to fur-
ther improve tumor targetability of self-assembled HA
derivatives by  reducing their accumulation in the liver
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Table  3
A summary of amphiphilic nanodelivery systems of cancer drugs based  on hyaluronic acid.
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after systemic administration, which had been observed in
other works [262,272,273] and is  attributed to the  presence
of another HA receptor in the liver sinusoidal endothe-
lial cells, namely the hyaluronan receptor for endocytosis
(HARE) [274]. Because of the relevant role of  HA in inﬂam-
mation processes, this polysaccharide is  also especially
interesting for the development of  polymer-based anti-
inﬂammatory therapies. For  instance, DMT  was recently
loaded in  self-assembled NP of Flt1 peptide–HA conjugates
showing efﬁcient internalization into lung epithelial cells
by HA-receptor mediated endocytosis, exhibiting long-
term retention in deep lung tissues attributed to the
mucoadhesive property of  HA, and  decreasing cytokine lev-
els of lipopolysaccharide-stimulated cells more efﬁciently
than free DMT  [275].
4.1.2. Anti-cancer agent-conjugated self-assembled
systems based on HA
Instead of physically loading the anti-cancer agent into
the nanocarriers, some authors suggest its chemical conju-
gation with HA, serving both as active anti-cancer agent
and as the hydrophobic residue required to obtain an
amphiphilic self-assembling construct. Lee et al.  prepared
round-shaped self-assembled micelles (∼200  nm)  by direct
conjugation of  PTX to HA, achieving up to  12% PTX load-
ings. The generated ester  linkage was cleavable in  acidic
conditions, potentially favoring the differential PTX deliv-
ery to acidic tumor tissues as shown in the drug  release
assays performed in vitro at  different pHs. In addition,
these micelles showed enhanced cytotoxicity in CD44-
overexpressing MCF-7 and  HCT-116 cells as  compared to
Taxol®, but lower cytotoxic effects than the commercial
formulation for  NIH-3T3 (no CD44-overexpression), sug-
gesting a  HA-receptor mediated internalization process for
PTX uptake [73]. Previous works had  already reported the
development of HA–PTX conjugates by linker mediated
coupling [276–278], their selective  uptake by malignant
cells via receptor-mediated internalization [276,277] and
the anti-tumor activity of  HA–PTX derivatives against
human ovarian carcinoma xenografts [279] or superﬁcial
bladder cancer.
Despite the predominant role of self-organizing HA-
based systems as vehicles for the delivery of  anti-cancer
drugs, they have also been exploited for other strategies to
combat cancer, such as photodynamic imaging and ther-
apy. Yoon et al. [280] used PEGylated HA–5-cholanic
acid conjugates and further coupled them to black hole
quencher3 (BHQ3), obtaining self-assembled NP in  which
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Fig. 10. Representative preparation and enzimatic release mechanism of a  HA based system for photodynamic imaging and cancer therapy.
they incorporated chlorin e6 (Ce6), a  hydrophobic photo-
sensitizer capable of generating ﬂuorescence and singlet
oxygen upon irradiation for  combined cancer diagnosis and
therapy (see Fig. 10). Being smaller than 300 nm,  these
NP were selectively uptaken by HT29 human colon  cancer
cells via CD44-binding interactions, as compared to nor-
mal NIH3T3 mouse embryo ﬁbroblasts, and they effectively
accumulated in  the tumor tissue of  HT29 tumor-bearing
miceCovalent attachment of  steroidal and nonsteroidal
anti-inﬂammatory drugs to functionalized HA has  also
been accomplished [281].  However, scarce literature can
be found regarding self-assembling properties of  these
conjugates into nanoparticulate systems for cancer or
inﬂammation therapies.
4.2. Heparin derivatives
As negatively charged polysaccharides, heparins have
the ability to bind to  a variety of proteins and  other
biomolecules altering their activity. Hence, apart from
their known anticoagulant effects, heparins can play a
role in a  number of biological activities including inter-
ference with malignant processes [282].  Although the
exact mechanism of action is still unknown, several works
suggest that heparins can efﬁciently inhibit the prolifer-
ation and induce apoptosis on different cancer cell lines
[101,283], thus constraining tumor growth and metastasis.
In recent studies has been proposed that the mechanism
is related to  the ability of heparin to interact with tumor
related factors such as selectins, heparanases and growth
factors [35].  Furthermore, speciﬁc  binding properties to
certain receptors in  metastatic cells, such as peptides in
B16F10 cells, have been  attributed to heparin [101,284],
potentially facilitating binding and internalization into
those cells via targeted endocytosis. For this reasons,
heparin-derived self-assembled systems have also been
extensively investigated for their use in advanced cancer
therapies.
4.2.1. Drug-loaded self-assembled systems based on
heparin
Over the last decade, a number of anti-cancer drug-
loaded self-assembled systems based on heparin have
been developed. Park et al. [77] prepared self-organizing
heparin–DOCA conjugates and  efﬁciently loaded them with
DOX up to 12%.  They observed that bare heparin-DOCA NP
inhibited tumor and  endothelial cell proliferation in tumor
tissues by their own, and were more active than free hep-
arin in  vitro. When  loaded with DOX, these NP where more
effective reducing tumor growth and had  better anti-tumor
activity than free DOX, reducing its side effects. Li et al.
[76] did attempt the design of  targeted delivery systems
for antineoplastic drugs  by investigating the role of  chemi-
cally linked Fol  residues in  the selectivity of self-assembled
heparin-b-poly(benzyl-l-aspartate) (PBLA) block  copoly-
mers encapsulating PTX toward cancer cells.  They found
that Fol-conjugated NP were more efﬁciently uptaken by
KB cells (positive for Fol-receptor) than the ones which
did not incorporate targeting ligands. Further, they showed
that when a PEG fragment was inserted as spacer  between
Fol and heparin the cellular uptake was improved to a
greater extent.  In addition, Fol-conjugated PTX-loaded NP
exhibited enhanced selective cytotoxicity toward KB cells
as compared with Fol-receptor-negative human lung ade-
nocarcinoma epithelial (A549) cells, especially when PEG
was used as spacer.
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4.2.2. Drug-conjugated self-assembled systems based on
heparin
Heparin based anti-cancer prodrugs have also been
developed by  chemical conjugation of the free drug
with heparin. Park et al. [95] conjugated PTX  with hep-
arin obtaining spherical NP with diameters in the range
of 200–400 nm which exhibited enhanced cytotoxicity
against KB cancer cells compared to free PTX. These NP
also showed inferior anticoagulant activity than free hep-
arin, another clue feature to take into account in order
to reduce hemorrhagic side  effects when using heparin-
based prodrugs. By chemically modifying heparins, critical
functional groups or units on their antithrombin-binding
sequence may  be inactivated, thus reducing their antico-
agulant effect [283].  Park et  al. [93] also modiﬁed heparin
by chemical conjugation of  retinoic acid and FA to the
polysaccharide backbone and obtained self-assembled NP
(150–300 nm). The presence of FA showed to  improve the
cellular uptake of the NP in Fol receptor-positive cells, and
the cytotoxicity of retinoic acid against  these cells was also
enhanced using this system compared to the free drug.
Again, the modiﬁcation of heparin reduced its anticoagu-
lant activity. Tran et al. [91] used folated heparin-retinoic
acid self-assembling prodrugs to encapsulate the photo-
sensitizer Pba for combined PDT and chemotherapy. Apart
from the improved cytotoxicity of  retinoic acid and the
enhanced and selective cellular uptake in Fol  receptor-
positive human cervical cancer (HeLa) cells compared to
Fol receptor-negative HT-29 cells, these complex NP selec-
tively enhanced the phototoxicity of Pba in HeLa cells upon
irradiation.
Hou et  al. [285] also designed a  dual cancer therapy
based on heparin-retinoic acid conjugates. Their strategy
consisted of combining the  chemical conjugation of ATRA
and the physical encapsulation of  PTX in  a single heparin-
based delivery system for simultaneous delivery of  both
anti-cancer drugs. The obtained self-assemblies, with parti-
cle sizes ranging from 228  to 108 nm and  PTX contents of  up
to 33%, extended the plasma circulation periods for PTX and
ATRA and showed improved cytotoxicity to human hepato-
cellular carcinoma HepG2 cells compared  to  free PTX. Most
Recently, an innovative approach which combines both the
features of self-assembled nanostructures and the bene-
ﬁts of dendrimers for chemotherapeutic drug delivery was
proposed by She et  al.  [35] In their work, they  prepared
“dendronized” heparin by covalently linking polypeptide
dendrons to heparin, and subsequently conjugated DOX to
these dendrons via acid-liable hydrazone bonds, obtaining
9% DOX contents. The dendronized heparin-DOX conju-
gates self-assembled in  aqueous media to form compact
NP displaying average hydrodynamic diameters around
90 nm,  a  suitable size  to accumulate in  tumor tissues by  the
EPR effect. Due to the liability of the hydrazone bonds, these
NP exhibited pH sensitivity, with greater DOX release rates
at acidic pH. The in vitro and  in vivo assays showed consider-
able anti-tumor activity by  anti-angiogenic and apoptotic
effects against 4T1 breast cancer cells and  in 4T1  tumor
bearing-mice.
As oral drug delivery is the most convenient route
of administration for the patients, some authors have
focused on improving the oral absorption and  targeting
of  chemotherapeutics. Khatun et  al.  [96] designed a strat-
egy based on the conjugation of  taurocholic acid (TCA),
capable of  interacting with the bile acid  transporter of  the
small intestine, with heparin as a therapeutic polymer, and
further modiﬁcation of this conjugate by  chemical link-
age of  DCT. These ternary bioconjugates self-assembled in
water giving  rise to NP (115–124 nm)  which showed pos-
itive results in MDA-MB231 and  KB  tumor bearing mice,
indeed enhancing oral absorption compared to bare  hep-
arin, efﬁciently accumulating in tumors and improving
tumor growth inhibition compared to  free DCT.
4.3. Chitosan derivatives
Chitosan, the  N-deacetylated derivative of  chitin
(poly--(1 → 4)-N-acetyl-D-glucosamine), has drawn ris-
ing interest in the development of nanocarriers due
to its  unique and versatile physico-chemical properties
and biodegradability. In particular, development of  col-
loidal amphiphilically modiﬁed chitosan nanocarriers has
increasing attention for chemotherapy applications [286]
due to the fact that chitosan and its oligosaccharides were
reported to be potent angioinhibitory and anti-tumor com-
pounds, as conﬁrmed by  inhibition of angiogenesis and
inducing apoptosis as a function of  DNA fragmentation
[287]. Thus, together with HA, chitosan has a  relevant
role in the development of nanocarriers for cancer therapy
[288].
4.3.1. Drug-loaded self-assembled systems based on
chitosan
Zhang et al.  [289] prepared micellar systems of
amphiphilic chitosan derivatives based on alkyl chains
(n = 8, 10, 12) and  sulfated groups of  which the N-octyl-
O-sulfate chitosan system was  selected to encapsulate PTX
in amounts up to 25%. The  PTX-loaded micelles showed
slow in  vitro released of PTX (up to 220 h) from micellar
solution [290]. This  chitosan amphiphile showed no intra-
venous stimulation, injection anaphylaxis, hemolysis and
cytotoxicity [291]. Chitosan derivatives with hydropho-
bic moieties of N-octyl  and  hydrophilic moieties of sulfate
and mPEG groups were reported by Qu et al.  [292]. These
amphiphiles formed micelles that were charged with PTX.
The tissue distribution studies in  mice indicated that PEG
conjugated micelles were phagocytized less than uncon-
jugated micelles by RES. Furthermore, the  higher targeting
efﬁciency of PEGylated micelles to uterus (including ovary)
suggested that this carrier could be promising for the
chemotherapy of  ovarian cancer.
Dufes et al. [293] prepared targeted carrier systems for
DOX by covalent linking of  transferrin (TfR) to  DOX-loaded
palmitoylated glycol chitosan vesicles using dimethyl-
suberimidate (DMSI). For comparison purposes, glucose
targeted niosomes were prepared using N-palmitoyl glu-
cosamine. In vivo experiments with a mouse xenograft
model showed that all vesicle formulations had a supe-
rior in  vivo safety proﬁle compared to that of the free drug.
And also, all vesicles reduced tumor size on  day 2 but were
overall less active than the  free drug.
Micelles with high in vivo stability based on stearic acid
grafted chitosan oligosaccharide amphiphiles (CSO-SA)
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were developed by Hu et al.  [110].  To obtain an active-
targeting carrier to cancer cells, Fol-conjugated CSO–SA
amphiphiles were synthesized. The targeting ability of
these micelles was investigated against two kinds of  cell
lines, A549 and HeLa, which have different amounts of
Fol receptors on their surfaces. The  results revealed good
internalization of the micelles into both types of cells.
Then, PTX was encapsulated into  the micelles, and the
anti-tumor efﬁcacy was investigated in vitro. The cytotoxic-
ity of PTX-loaded micelles  was improved sharply for both
strains of cells compared with that of Taxol®, what was
attributed to the increased intracellular delivery of the drug
[294].  Curcumin-loaded CSO–SA micelles were effective
for inhibiting subpopulations of  CD44+/CD24+ cells (puta-
tive colorectal cancer stem cell markers) both in vitro and
in vivo [295]. Amphiphilic micelles of  stearyl chitosan (SC)
and sulfated stearyl chitosan (S-SC) were developed for the
controlled delivery of  atorvastatin (ATV) in cancer cells.
Micelles encapsulating ATV exhibited a  sustained release
and more cytotoxic activity against MCF  7 and HCT 116
cell lines than ATV alone [296].
An effective and safe vehicle for systemic adminis-
tration of  hydrophobic drugs based on novel chitosan
derivatives carrying linoleic acid  and poly(-malic acid)
was synthesized by  Zhao et al. [297].  This double grafted
chitosan self-assembled into NP which could encapsu-
late PTX. The PTX-loaded NP demonstrated to have a
potent tumor inhibition efﬁcacy relative to that of  Taxol®
in sarcoma-180 bearing mice. Self-assembled NP of  5-
cholanic acid–glycol chitosan conjugates were efﬁciently
loaded with PTX up to 10% content using a dialysis
method (400 nm,  average diameter). Injection of  PTX-
loaded NP into the tail  vein  of  tumor-bearing mice
prevented increases in  tumor volume for 8  days. PTX
was less toxic to  the tumor-bearing mice when formu-
lated in NP than when formulated with Cremophor® EL
[108,298]. pH-sensitive self-aggregated NP (ranging from
87 to  174 nm)  based on DOCA modiﬁed carboxymethyl
chitosan (DCMC), were developed by  Jin  et al. [299] for
delivery of  DOX. The unloaded NP showed an acidic
pH-induced aggregation and deformation behavior. The
DOX-loaded NP exhibited a sustained drug release pro-
ﬁle, dependent on pH and DS of  the hydrophobic chitosan.
DOX-loaded NP effectively suppressed both sensitive and
resistant MCF-7 cells in  a  dose- and  time-dependent man-
ner.
Yang et  al. [300] proposed a novel thermal sensi-
tive amphiphilic chitosan containing hydroxybutyl groups
and DOCA moieties as a drug carrier in combined
hyperthermia and chemotherapy. By tuning the hydropho-
bic/hydrophilic balance of  DOCA decorated hydroxybutyl
chitosan (DAHBC), LCST of this novel polymer was adjusted
to 38.2 ◦C for hyperthermia therapy. These NP delivered the
encapsulated DOX at a  temperature above the LCST. DOX-
loaded nanocarriers exhibited an  improved drug uptake by
mouse embryo ﬁbroblasts MCF-7 cells with the incubation
temperature rising from 37 to 43 ◦C.
N-acetyl histidine-conjugated glycol chitosan (NAcHis-
GC) self-assembled NP are a promising system for intra-
cytoplasmic delivery of PTX. At neutral pH, the conjugates
formed self-assembled NP with mean diameters ranging
between 150 and  250 nm. In slightly acidic environments,
such as those in endosomes, the NP  were disassembled due
to breakdown of  the hydrophilic/hydrophobic balance by
the protonation of  the imidazole group of  NAcHis and could
release the encapsulated PTX into the cytosol (see Fig. 11)
[301].
A  CSO–arachidic acid (CSOAA) amphiphilic derivative of
chitosan was successfully synthesized as a  self-assembled
nanocarrier of  DOX by Termsarasab et al. [302]. In  vitro
release of  DOX  was sustained and pH-dependent. Cel-
lular uptake of  DOX in FaDu cells was higher in the
NP-treated group compared to the free DOX group. The
anti-tumor efﬁcacy of  DOX-loaded NP was  also veriﬁed in
FaDu tumor xenografted mouse model. The amphiphilic
grafted copolymer N-phthaloylchitosan-g-mPEG  was  pro-
posed as  a carrier for ATRA by Bouterfa et  al.  [303].  It was
found that deacetylation degree (DD)  of  chitosan, which
corresponded to the N-phthaloyl groups in the inner core
of the micelles, was a key factor in  controlling the loading
efﬁciency, stability of  the drug-loaded micelles and drug
release behavior. As the %  DD increased, the loading efﬁ-
ciency and ATRA-loaded micelles stability increased. The
sustained release proﬁles were also obtained at  high %  DD
(90 and 95%) [99]. Similar results were reported for the
encapsulation of  CPT  in this carrier [304].
NP based on graft copolymers of  PNIPAm onto chi-
tosan were developed as a  pH-sensitive carrier of  CPT
for targeting tumors. The  cumulative release rate of
CPT was optimal at pH  6.8 and decreased rapidly
either below pH 6.5  or above pH 6.9 in 37 ◦C. Based
on 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) tests performed with SW480 cells at  pH
values of  6.8  and 7.4, CPT-loaded NP showed enhanced
cytotoxicity at pH 6.8  but minimal cytotoxicity at  pH 7.4
what was attributed to  pH-sensitivity release of  the drug.
Particularly, for a PNIPAm:chitosan mass  ratio of 4:1 the
CPT-loaded NP were more sensitive to tumor pH  [305].
Non-steroidal anti-inﬂammatory drugs (NSAIDS) are
emerging as a particularly valuable class of  drugs  due to
their recently recognized anti-tumor activity in colorectal
cancer. Micellar nanocarriers (108–252 nm)  composed of
amphiphilic chitosan with encapsulated ibuprofen were
readily internalized by tumor cells and deliver the drug
in the intracellular compartment provoking a remarkable
reduction in cancer cell viability (<13%), at  a relatively low
drug dosage, what illustrated the anti-tumor activity of
ibuprofen when delivered to breast cancer cells [306].
4.3.2. Conjugated self-assembled systems based on
chitosan
A variety of  polymer drug conjugates of  chitosan have
been reported in recent years. Adriamycin (ADR) glycol
chitosan conjugates via an acid-labile cis-aconityl linkage
[307] were capable of forming spherical nano-sized self-
aggregates in  an aqueous medium, when the ADR  content
in the conjugate was in the range of  2–5%.  The release of
ADR was signiﬁcantly dependent on the  pH of  the medium
due to the cis-aconityl linkage. The cell viability results
demonstrated that free ADR showed more potent cyto-
toxicity than the conjugates, primarily attributed to the
sustained release of  ADR from  the self-aggregates.
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Fig. 11. Schematic representation of endosomal escape and drug release of histidylated polymer nanoparticles. The pH-dependent endosomal-membrane
destabilization by histidine correlated with  the protonation of its imidazole groups. The pKa of the imidazole group  is around 6.5. In a  slightly acidic milieu,
such  as in endosomes, the imidazole group is  protonated, interacts with negatively charged lipid bilayers and induces the inﬂux of water and ions into
endosomes,  thus causing endosome destabilization and drug release into the cytosol. [301],  Copyright 2006. Reproduced with permission from Elsevier
Ltd.
PTX-loaded tocopheryl succinate (-TOS) conjugated
CSO (CSO--TOS) NP were proposed for synergistic
chemotherapy by  Tao et al. [308].  PTX-loaded CSO--TOS
NP had excellent cellular uptake ability by  human glioma
U87 cells. In vitro cytotoxicity studies revealed that the
PTX-loaded NP system was more potent than free PTX, and
a synergistic effect between -TOS and  PTX was  observed.
In vivo pharmacokinetic results indicated that the PTX-
loaded CSO--TOS NP had a longer systemic circulation
time and slower plasma elimination rate than those of
Taxol®.
Selective targeting of  drugs to kidneys may  improve
renal effectiveness and  reduce extrarenal toxicity. For  that
purpose Yuan et al. [309] developed and  evaluated a novel
renal drug carrier randomly based on 50% N-acetylated
LMWC and prednisolone covalently coupled with chitosan
via a succinic acid  spacer. The  mean residence time in
plasma of  prednisolone conjugates increased as the MW of
the chitosan increased. The conjugate with MW of  19  kDa
displayed the highest accumulation rate in  the kidneys. The
total amount of  this conjugate in  the  kidneys was 13-fold
higher than that of  prednisolone.
pH Sensitive NP based on polyethylenglycol tethered
carboxylated chitosan modiﬁed with FA/DNA nanocom-
plexes containing a  high mobility group box1 (HMGB1)
have been developed recently as an efﬁcient non-viral
gene delivery system (see Fig. 12). This kind of  complex
bioactive NP gives very good transfection and expression
efﬁciency in  most folate receptor (FR-)-positive cancer
cells [310].
4.4.  Pullulan derivatives
Pullulan is a linear homopolysaccharide of  glucose con-
sisting of  -(1 →  6) linked maltotriose units, which is
secreted mainly by Aureobasidium pullulans. Its distinctive
and regular linkage pattern gives rise to unique  properties
such as structural ﬂexibility and superior water solubility
as compared to other polysaccharides [311]. This polysac-
charide is a good candidate for chemical modiﬁcation with
hydrophobic residues leading to  self-organizing systems
with potential application in cancer treatment since it  can
be readily dissolved in  organic solvents such  as DMSO upon
mild heating, [72,74,75] facilitating its chemical derivati-
zation. Besides, it  can be  easily modiﬁed to include active
targeting ligands like biotin or folate in  its structure to con-
fer speciﬁcity to cancer cells.
4.4.1. Drug-loaded self-assembled systems based on
pullulan
Yang et  al. [116] proposed the use of  biotin as a targeting
ligand to develop pullulan-based self-aggregated NP for the
encapsulation and targeted delivery of MTO  to cancer cells,
as biotin speciﬁc receptors are  generally overexpressed on
numerous tumor cells [312].  Previously, they had devel-
oped cholesterol-modiﬁed pullulan NP as carrier for MTO
[115], however, these self-aggregates lacked  active target-
ing to tumor tissues. To  overcome these limitation, in  their
latter work they suggested the conjugation of  biotin to
cholesteryl pullulan and the obtaining of MTO-loaded NP
by self-organization in aqueous media. The prepared NP
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Fig. 12. A schematic diagram showing (A) the formation of FPCPHDs nanocomplexes and (B) the extracellular and intracellular trafﬁcking for the systemic
delivery  of plasmid DNA to  a  tumor. FPCPHDs accumulates in the tumor via  the EPR  effect and is associated with the tumor cell  surface, followed by cellular
uptake  by folate receptor-mediated endocytosis. FAPEG–CCTS dissociates from PHDs ternary complexes in the acidic endosomes and then PHDs escapes from
endosomes  through the proton sponge effect. Finally, the plasmid DNA is delivered to the nucleus with the help of  HMGB1 due to  its nuclear locating ability.
[310], Copyright 2013. Reproduced with permission from Elsevier Ltd.  Abbreviations: FPCPHDs, FAPEG-CCTS/PAMAM/HMGB1/pDNA nanocomplexes;
FAPEG-CCTS,  folate-modiﬁed polyethylene glycol tethered carboxylated chitosan; PAMAM, polyamidoamine dendrimer; EPR, enhanced permeability and
retention  effect; PHDs, PAMAM/HMGB1/pDNA nanocomplexes.
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were able to encapsulate MTO  with loading capacities up
to 14% and showed pH-dependent drug release behavior.
However, their efﬁcacy and selectivity toward tumor cells
has not been reported [116].
4.4.2. Conjugated self-assembled systems based on
pullulan
Zhang et al. [117] preferred conjugation of DOX onto
the pullulan backbone instead of  physically loading it and
they prepared pullulan–DOX conjugates with maleic acid
as spacer, followed by further modiﬁcation of this pro-
drug to incorporate Fol the residues by direct conjugation.
Although the effectiveness of this system against ovar-
ian carcinoma A2780 cells was improved with respect to
the parent drug, its self-assembling properties were not
reported. Pullulan self-assembling derivatives have also
been exploited in the ﬁeld of  PDT. Bae  and Na [72] used
Fol–pullulan conjugates previously described by Kim et  al.
and further coupled them to Pba, obtaining self-assembling
and self-quenching nanogels with the aim of  both reduc-
ing the phototoxicity of Pba in normal tissue and improving
the efﬁcacy of  the PDT using this photosensitizer. Indeed,
owing to a  self-quenching effect between photosensi-
tizer moieties, the photoactivity of  Pba was not detected
when the nanogels were suspended in PBS. However, upon
digestion by  the enzymes present in the lysosome, the
photoactivity of Pba could be restored. Moreover, their
results suggested that these nanogels  could be uptaken
by HeLa cancer cells by  Fol  receptor-mediated endocytosis
(see Fig. 13).
4.5. Dextran derivatives
DEX is a  polysaccharide containing glucose units linked
by -(1 → 6) glycosidic linkages in the main chains and  -
(1 → 3) linkages in the branches. DEX has been also widely
used in  the development of  drug delivery systems for anti-
cancer therapy. Several anti-tumor drugs  such  as DOX, CPT,
MTX and mitomycin have been conjugated to DEX either
directly or using spacers to form anti-cancer prodrugs
[313]. Oxidized DEX-DOX conjugates and  carboxymethyl
DEX CPT derivative conjugates have entered clinical trials
[314]. A review of this was reported by Goodarzi et  at. [257]
In recent years, DEX nanocarriers for  cancer therapy have
been developed based on  the modiﬁcation of DEX to obtain
amphiphilic derivatives that self-assemble into  micellar or
nanoparticulate systems.
Varshosaz et  al. [315] prepared DEX stearate PM as car-
riers of etoposide. The composition was tuned  by changing
MW of DEX and molar ratio of stearate. Both parameters
demonstrated to have a dominant role on particle size  of
etoposide-loaded micelles and  also on cytotoxicity and  cel-
lular uptake of  etoposide-loaded PM  using CT-26 colorectal
carcinoma cell line.
Jeong et  al. [316] reported the  preparation of DEX
amphiphilic derivatives by linking DOCA to DEX. These
amphiphiles showed self-aggregation behavior at  aqueous
environment and gave rise to DOX-incorporated NP with
sizes lower than 200 nm.  These NP had higher anti-tumor
activity compared to  free DOX on DOX-resistant CT26 colon
carcinoma cells. In  addition, DOX-loaded NP were properly
entered into tumor cells and  maintained longer compared
to DOX by itself.
Stimuli responsive DEX based nanocarriers have also
been developed. DEX-b-polyHis block copolymers were
synthesized by Hwang et  al. [317] to prepare pH-responsive
NP for DOX targeting. The viability of  DOX-loaded NP using
HuCC-T1 cholangiocarcinoma cells was  decreased at  acidic
pH in  cells treated with active NP, whereas cell viability
did not vary according to changes of pH for  free DOX.
Sun et al.  [318]  reported the preparation of  reduction-
responsive biodegradable micelles from block copolymers
of disulﬁde-linked DEX-SS-PCL and  used them as a tar-
geting delivery system of DOX. In vitro studies revealed
that DOX-loaded micelles released DOX quantitatively in
10 h  under a reductive environment, mimicking that of
the intracellular compartments such  as  cytosol and the
cell nucleus, however, only about 20% DOX  released was
measured in  20 h  under the non-reductive conditions.
In cellular experiments using  mouse leukemic monocyte
macrophage cell line (RAW 264.7), it was  observed that
DOX was rapidly released to the cytoplasm as well as to
the cell nucleus.  Cytotoxicity studies revealed an enhanced
drug efﬁcacy of DOX-loaded micelles compared to DOX-
loaded reduction-insensitive micelles.
Prabu et al.  [319,320] proposed a  self-assembled
core–shell micellar vehicle for PTX based on PCL-grafted
DEX. PTX-loaded NP were prepared by  a modiﬁed oil/water
emulsion method. PTX-loaded NP so-obtained presented
signiﬁcant drug encapsulation efﬁciency, cellular uptake,
and cancer cell mortality using the human gastric cancer
cell line (SNU-638).
Graft copolymers of DEX-b-poly(ethyleneimine) (DEX-
b-PEI) were synthesized by  Liu et al.  [321] for developing
redox-responsive DOX prodrug micelles (100–140 nm
average size) to overcome MDR.  DOX was conjugated to
the graft copolymer through redox-responsive cleavable
disulﬁde linkers. DOX-conjugating micelles enhanced the
cellular accumulation of DOX and  achieved endosomal
escape in  human breast carcinoma multidrug resistant
(MCF-7/ADR) cells. The therapeutic efﬁcacy of DOX pro-
drug micelles against MCF-7/ADR cells  was  remarkably
enhanced compared with free DOX.
Thermosensitive NP as  carriers of  indomethacin (IMC)
have been prepared from a graft copolymer of  DEX and PNI-
PAm by Tan et  al. [322]  In absence of  drug, compact NP
were formed at  a temperature above the LCST, however, in
presence of  IMC  uniform IMC-loaded NP were formed even
below the LCST that was  attributed to hydrogen bonding
between IMC  and the PNIPAm side chains. The IMC  release
rate was accelerated at a  higher temperature because of the
dissociation of  the hydrogen  bonds.
4.6. Derivatives of other polysaccharides
Alginates (ALG) are (1 → 4) linked linear  copolysaccha-
rides composed of  -d-mannuronic acid (M)  and  its  C-5
epimer, -l-guluronic acid (G). ALG also can play a role
in cancer therapy [323].  It has been demonstrated that
ALG obtained from Sargassum sp. (Phaeophyta) showed a
considerable anti-tumor activity against various murine
tumors, such  as Sarcoma 180 (solid and  ascitic types),
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Fig. 13. Conceptual image of the change in photoactivity of  PFP nanogels in cells. PFP nanogels do not show  photoactivity during blood circulation due to
self-quenching of photosensitizers (FRET effect). When the nanogels are internalized in  cancer cells, photoactivity is  restored due to  loss of the FRET effect
by  enzymatic attack within cellular compartments such as lysosomes. [72], Copyright 2010. Reproduced with permission from Elsevier Ltd. Abbreviations:
PFP,  pullulan/folate–pheophorbide–conjugates; FRET, ﬂuorescence resonance energy transfer.
Ehrlich ascites carcinoma and  IMC  carcinoma [324]. For
that reason, self-assembled nanocarriers of  amphiphilic
ALG were developed recently.
Zhang et  al. [325] have proposed DOX-loaded
amphiphilic NP consisted of  glycyrrhetinic acid-modiﬁed
alginate (GRA-ALG) for targeting therapy of liver cancer.
After intravenous administration of  DOX-loaded GRA-ALG
NP in Kunming mice, the biodistribution study showed
that the concentration of DOX in the liver was higher
compared with non-GRA-modiﬁed NP and DOX·HCl,
respectively. The liver tumor growth inhibition rate (IR)
in situ was 76.6% and no  mice died in  the  DOX-loaded
GRA-ALG NP group. Histological examination showed
that the heart and liver cells surrounding the tumor were
not affected by  administration of DOX loaded GRA-ALG
NP, whereas myocardial necrosis and apparent liver cell
swelling were observed after DOX·HCl administration.
Recently, Du et al. [326] used  a reactive template
method to fabricate alginate-based hydrogel microcap-
sules with a  high drug loading capacity for  application in
cancer therapy. The capsules coated by a Fol-linked lipid
mixture on the surface possessed higher cell uptake efﬁ-
ciency due to  the molecule recognition between Fol and
the Fol-receptor overexpressed by the cancer cells. More-
over, in  this bioconjugate, the lipid could also encapsulate
the hydrophobic photosensitizer hypocrellin B, giving
drug carriers for combined treatment of  cancer using
chemotherapy and photodynamic. This strategy may  be
extended to  fabricate other multidrug carriers for  com-
bined anti-cancer treatment.
Shalviri et al. [46] synthesized new pH-responsive NP
to overcome MDR  [45] based on graft copolymers of  PMA
and PS80 onto starch (PMA-PS80-g-starch) by using a one-
pot method that achieved simultaneous grafting and NP
formation in an aqueous medium. The  relatively spheri-
cal NP exhibited pH-dependent swelling in a physiological
pH with magnitude of phase transition dependent on poly-
mer composition and formulation parameters. The  NP were
able to load up to 50% of  DOX maintaining good colloidal
stability. DOX-loaded NP released the drug at  a  higher rate
at acidic pH attributable to weaker DOX-polymer molec-
ular interactions. The DOX-loaded NP were taken up by
MDR1 cells in vitro and signiﬁcantly enhanced cytotoxic-
ity of  these cells with respect to that of free DOX,  showing
a 20-fold decrease in  the IC50 values [327]. In further stud-
ies the activity of  the  self-assembled DOX-loaded NP was
evaluated in vivo using a murine orthotopic breast cancer
model and  compared with the activity of preformed NP pre-
pared by cross-linking graft polymerization reaction. Blood
circulation, tumor uptake, penetration and tumor growth
inhibition of  self-assembled DOX-loaded NP was  superior
to those of  preformed NP, what was  attributed to  a denser
structure of the self-assemblies, suggesting the usefulness
of these bi-functional NP as nanotheranostics [327].
A number of  other polysaccharides have been  used
for the preparation of  self-assembling drug conjugates.
CPT was  covalently conjugated to a linear  cyclodextrin-
PEG copolymer, and the obtained conjugates self-
assembled into NP. Preclinical studies showed that these
self-aggregates exhibited enhanced pharmacokinetics
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Fig. 14. Efﬁcacy study of CRLX101 compared to irinotecan using a  disseminated Daudi  B-cell lymphoma xenograft in mice. Above:  bioluminescence study
using  Daudi B-cell line expressing luciferase activity. Weekly dosing × 3  at 100 mg/kg (irinotecan), 5 mg/kg (CRLX101, triangles), and 10 mg/kg (CRLX101,
diamonds).  Below: corresponding survival graphs. CRLX101 achieved 55.6% complete tumor response at Day 125 post-treatment at the 10 mg/kg dose,
while  no complete tumor responses were observed in irinotecan-treated mice.  [328], Copyright 2011. Reproduced with permission from Elsevier Ltd.
Abbreviations: CRLX101, Cyclodextrin-poly(ethylene glycol) copolymer (CDP) conjugated to  CPT.
compared to the parent drug, and their anti-tumor activity
was superior compared to  FDA-approved Irinotecan® in a
number of  xenograft models (see  Fig. 14)  [328,329]. This
novel nanopharmaceutical, named CRLX101®, is  currently
in Phase 2 clinical studies and evidence has  been provided
that its behavior in  animals is  translatable to  humans [330].
4.7. Proteins and proteins derivatives
Proteins also played an important role in the develop-
ment of nanocarriers for chemotherapy and inﬂammation
diseases. Some protein anti-tumor drug conjugates have
been approved by FDA in treatment of cancer, such  is
the case of PTX albumin conjugate (Abraxane®, ABI-008,
nab-PTX) approved for treatment of metastatic breast can-
cer. This formulation does not use solvents as vehicles
but  instead, it  is  based on the natural properties of albu-
min to reversibly bind PTX and transport it through the
endothelial cell to tumor site [331].  This  was  conﬁrmed in
preclinical studies that in fact  showed that the concentra-
tion of PTX-albumin conjugate in endothelial cells and in
the extravascular space was signiﬁcantly increased (3–10
fold) [332]. These data suggest that albumin may have
intrinsic targeting ability to  tumors, although the  EPR effect
may also contribute to their in tumor accumulation. Over-
all, the albumin-bound PTX  formulation allowed higher
dosages than the Taxol® one and  demonstrated improved
efﬁcacy and safety [333]. In  addition, albumin was  tested
as a platform for delivery of other molecules that have
anti-proliferative activity, such as rapamycin (∼2.5 mg/ml).
Albumin-bound rapamycin (ABI-009) has been  in a clin-
ical phase trial for the treatment of  non-hematologic
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malignancies since January 2008 [334]. These recent
advances as well as multiple clinical trials currently in
progress for other types of cancer, opened the development
of protein based NP for delivery of  therapeutic agents [5].
Taking advantage of  the high afﬁnity that PTX  showed
for strong binding to human serum albumin (HAS), Lee
et al. obtained shell crosslinked NC employing HAS and
amine reactive multi-arm PEG. The NC were prepared by
emulsifying the branched PEG in dichloromethane into
aqueous solution of  HAS, followed by cross-linking at
the organic/aqueous interface [335]. PTX-loaded NC were
spherical with an average diameter of  about 280 nm. Sur-
face modiﬁcation was conducted using  a ﬂexible PEG linker
with a  cell-penetrating peptide, Hph1. In vitro cellular stud-
ies using different cell lines, human breast adenocarcinoma
(MCF-7), human ovarian carcinoma (OVCAR-3), human
nasopharyngeal epidermal carcinoma (KB) and  human
coronary artery and smooth muscle cells (hCASMCs), it was
observed that the peptide facilitated cellular uptake and
apoptosis effects of  PTX. The targeted anti-tumor activity
of the PTX-loaded NC tested in a mouse tumor model indi-
cated minimal clearance of  the NC in the liver, and hence
targeting to  the tumor tissue. Tumor growth was  signiﬁ-
cantly reduced in mice after intravenous administration of
the system compared to control group.
With respect to the use of  other proteins in the prepara-
tion of NP, Lu et  al. [336,337] prepared PTX loaded gelatin
NP which showed good perspectives for intravesical ther-
apy of superﬁcial bladder cancer. PTX-loaded NP were
obtained using a  desolvation method with sizes from 600 to
1000 nm and they resulted active against  human RT4 blad-
der transitional cancer cells. Results of  in vivo experiments
performed in dogs giving an intravesical dose of  PTX-
loaded NP, showed PTX concentration in the urothelium
and lamina propria tissue layers 2.6 times the concen-
trations reported for dogs treated with the commercial
Cremophor formulation.
For the treatment of lung cancer, one of the most
malignant cancers today, gelatin NP were grafted with
NeutrAvidin® FITC on the particle’s surface, and after-
ward, biotinylated EGF  (bEGF) was conjugated with
NeutrAvidin® FITC to  improve targeting efﬁciency, forming
a core–shell-like structure (bEGF-Av-NP of  220  nm  aver-
age size). In  vitro studies on adenocarcinoma A549 cells
showed that entrance efﬁciency of bEGF-Av-NP and  lyso-
somal entrapment was higher  than that on normal lung
cells (HFL1), and the uptake of bEGF-Av-NP by A549 cells
was time and dose dependent [338]. Speciﬁc accumulation
of the nanosystem in  cancerous lung was conﬁrmed after
in vivo aerosol administration to cancerous lung of the SCID
mice model [339].
Thiolated gelatin NP were modiﬁed with PEG chains
giving NP of 300–350 nm average diameter, to improve cir-
culation and in vivo tumor-targeting of breast cancer. The
in vivo behavior of  the system was evaluated by injecting
indium-111 (111In)-labeled NP into breast tumor (MDA-
MB-435) bearing nude mice.  In  vivo circulation times were
found to  be longer in PEG modiﬁed NP, showing plasma
and tumor half-lives of 15.3 and 37.8 h,  respectively, and
preferential localization of thiolated NO in  the tumor mass
was detected [340].  These PEG  modiﬁed thiolated gelatin
NP were proposed as nanovectors for systemic delivery
of therapeutic genes to human solid tumors. Thus, plas-
mid DNA  (pDNA) encoding for the soluble form of  the
extracellular domain of  VEG factor receptor-1 (VEGF-R1
or sFlt-1) was encapsulated in these NP. pDNA deliv-
ery produced the highest levels of  sFlt-1 expression in
the MDA-MB-435 human breast adenocarcinoma cell  line.
After intravenous administration in female Nu/Nu mice
bearing orthotopic MDA-MB-435 breast adenocarcinoma
xenografts, efﬁcient in vivo expression of sFlt-1 pDNA was
conﬁrmed qualitatively and  quantitatively. The  expressed
sFlt-1 was therapeutically active as shown by suppression
of tumor growth and  microvessel density measurements
[341].
Tran  et  al. [342]  synthetized amphiphilic gelatin with
oleoyl moieties that successfully formed NP with versa-
tile potential in drug  delivery and tumor targeting. The
amphiphilic NP entrapped PTX and  they were further con-
jugated with FA for targeting HeLa cells. All NP were stable
in human blood serum and their average size was below
300 nm,  suitable for passive targeting. The release of  PTX
from both plain PTX- and  FA conjugated PTX-loaded NP
was controlled for a  long time.  The  cytotoxicity results
demonstrated great  advantages of  PTX-loaded NP either
conjugated or not with FA, over the conventional dosage
form of  PTX (Taxol®)  [125]. Wareechuensook et al. [126]
modiﬁed gelatin into an amphiphilic molecule via conju-
gation with cholesterol. These amphiphiles aggregated in
micelles in water at  pH  5, and subsequently fabricated with
entrapment of  curcumin for a cancer research.
Silk ﬁbroin (SF) is a protein that possesses inherent
amphiphilicity because the repetition of the hexapeptide
-Gly-Ser-Gly-Ala-Gly-Ala- gives rise to hydrophobic and
hydrophilic blocks which self-assemble into  micelles. In
addition, the  ﬁbroin chains adopt the  -sheet conforma-
tion that acts as a stabilizing element of  the nanostructures
[343]. Another advantage of ﬁbroin is that it possesses reac-
tive carboxylic end groups that can be used for preparation
of ﬁbroin derivatives. Based on all these features, numer-
ous silk SF micellar and nanoparticulate systems have been
developed for  cancer and inﬂammation treatment.
Chiang et al. [344] prepared silk ﬁbroin NP with control-
lable size by a simple method in which the encapsulation
of PTX was successfully achieved, leading to PTX-loaded
NP with average size from 270 to 520 nm.  PTX release was
controlled over 9 days, and  the release could be prolonged
for 2  weeks varying the drug  charge, what improved the
potential of  this system for  chemotherapy in clinical appli-
cations. Other SF nanocarriers were prepared by Zhao et al.
[345] using a novel solution-enhanced dispersion method
using supercritical CO2. The  anti-inﬂammatory drug  IMC
was charged. Treatment with ethanol did not affect the
biocompatibility of  the system. In vitro IMC  release from
the IMC-loaded NP after ethanol treatment was signiﬁ-
cantly sustained over 2 days. These studies indicated the
suitability of  the supercritical CO2 process to achieve the
co-precipitation of  drug and protein to form active NP with
potential in  the treatment of  inﬂammatory processes.
SF has  been chemically modiﬁed for tumor speciﬁc
gene delivery by  Numata et  al. [346]. In this work, block
copolymers of  SF with PLL  domains were prepared to
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Fig. 15. Schematic representation of the formation of pDNA nanocomplexes based on block copolymers of silk ﬁbroin with poly(l-lysine) domains for
tumor  cell-speciﬁc delivery.
interact with pDNA and the tumor-homing peptides (THP),
to bind speciﬁc tumor cells and  achieve pDNA deliv-
ery. Globular nanocomplexes of average diameter in the
range 150–250 nm were obtained. After in vitro trans-
fection experiments into MDA-MB-435 melanoma cells
and MDA-MB-231 metastatic human breast tumor cells,
using non-tumorigenic MCF-10A breast epithelial cells as
a control, this system was  proposed as a new platform
for nonviral gene delivery in  tumor cells. Further stud-
ies focused on the optimization of  the content of THP to
enhance speciﬁcity and efﬁciency to tumor cells. The silk-
b-PLL block copolymer containing Lyp1 (ML-Lyp1) showed
signiﬁcant differences in cytotoxicity to MCF10A cells from
the block copolymer containing F3 (ML-F3), indicating that
ML-F3 was the best candidate for target delivery into
tumorigenic cells (see Fig. 15)  [347].
5. Conclusions and perspectives for the future
The challenge of  the application of drugs for cancer
and anti-inﬂammatory therapies is the preparation and
application of selective drugs and drug delivery systems
with high efﬁcacy and selectivity for  the tumor cells. The
design of polymer systems with the speciﬁc functionality
and equilibrated balance of  hydrophobic and hydrophilic
components offers exceptional possibilities for the prepa-
ration of  bioactive formulations of  high efﬁcacy and low
toxicity. In  addition, the incorporation of signaling func-
tions and targeting ligands to  the  macromolecular matrices
offers very  interesting approaches for the speciﬁc target-
ing of the bioactive systems with the guarantee of very low
toxicity while are moving to the target site.
The application of resorbable or biodegradable poly-
mers and composites, as well  as bioactive “polymer drugs”,
should involve the development of  novel and  advanced
methodologies for treatments of  high  efﬁcacy, selectivity
and low toxicity, which would offer new alternatives to
those traditionally used in  cancer therapies. It is  probably
more necessary to ﬁnd the best, more active and less toxic
way to  apply bioactive compounds and speciﬁc drugs, than
the discovery of new drugs.
From a biomimetic point of  view, there is  a challenge
for the design, preparation and application of polymer
therapeutics with the  design and morphology offered by
self-assembling bioactive polymer systems, which can
offer the  appropriate conditions of  low toxicity, targeting
and selectivity by  the incorporation of  speciﬁc com-
pounds such  as cell signaling (ligands) and a core–shell
morphology that guarantees the circulation and accumu-
lation in  the site of  action. In addition, the combination
of diagnostic and treatment (theranostic) is  of great
importance in new developments. The application of  well-
known polymer systems with the appropriate balance
of hydrophobic/hydrophilic components in a biomimetic
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scenario, together with the incorporation of  effective drugs
applied in  the clinics, offers a very interesting alternative
to classical treatments, and facilitates the development of
cheap and effective treatments for cancer therapies and
anti-inﬂammatory strategies.
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